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                                                       Abstract 
           Surface enhanced Raman scattering is widely used in various fields for 
detection of molecules, such as biomedicine and diagnosis, environmental monitoring, 
forensic science, explosive detection, and detection of glaze and dyes in artworks. In 
this work, the focus is on design and fabrication of various plasmonic substrates for 
enhancing the Raman scattering from molecules. The substrates were fabricated in 
cleanroom with facilities commonly used in semiconductor process, such as Sputter, 
Ebeam Evaporator, RIE, furnace, etc, and characterized with AFM, SEM, and Raman 
microscope. The data was processed with MATLAB. For obtaining an optimized 
detection of molecules, the gold nanoparticles on the silicon substrates were altered by 
thermal annealing, which was used to optimize its distribution, size, and density for 
seeking a higher sensitivity in detection. In further work, a gold nanoparticles-
insulator-metal sandwich structure was introduced to achieve an even higher 
sensitivity in detection. The result showed that with a gold mirror, the plasmonic 
substrate can allow the molecules to be detected with using low laser powers as 8.5e-
3mW with an ultrashort exposure time of 1s. The use of patterned sapphire substrate 
for deposition of gold nanoparticles-insulator-metal sandwich layers, has revealed the 
Fano effect in reflection spectrum detection, and also has obtained high sensitivity test 
compared with gold nanoparticles on silicon substrates. A novel process was employed 
for fabrication of silicon nanopillars using a dry etch process with gold nanoparticles 
as a mask. It provided another method for fabrication of silicon nanowires rather than 
Vapour-Liquid-Solid growth in a chemical vapour deposition system. It offered 
another method for fabrication of plasmonic substrate for Raman scattering in future 
research.   
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                                        Chapter 1 Introduction 
 
1 .1 Objective of this thesis 
          The objective of this research is to detect molecules through surface enhanced 
Raman scattering, particularly using the nanotechnology to fabricate various 
plasmonic substrates for enhancing the signatures of molecules in Raman microscopy, 
thereby increasing the sensitivity of detection. The objective of this thesis includes 
followed points:   
i. The distribution, size, and density of the gold nanoparticles influence the 
Raman scattering, thus, the first objective is to investigate how these factors 
influence the detection of molecules in Raman microscopy. In this research, a 
thermal annealing method is introduced to produce the gold nanoparticles. In 
order to optimize the detection of molecules in Raman microscopy, the 
distribution of gold nanoparticles is optimized through thermal annealing with 
different duration times at the same temperature. The SEM is used to 
characterize the surface morphology of gold nanoparticles, and statistic method 
for quantification of the distribution, size, and density of gold nanoparticles. 
For comparison, a bare silicon sample is introduced to be a reference substrate. 
In this way, the optimized size, density, and distribution can be determined. 
ii. The second objective is to test the hypothesis that the gold nanoparticles-
insulator-metal sandwich structure on a flat substrate will improve the 
sensitivity in Raman microscopy through double enhancement both from the 
localized surface plasmon resonance and the surface propagating plasmon from 
the metal thin film. A dielectric thin layer is introduced to separate the two 
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metal layers. Atomic Force Microscopy is used to characterize the surface 
morphology, and Scanning Electrons Microscopy is used to inspect the cross 
section of the sandwich layers after the Focus Ions Beam milling. 
iii. Thirdly, the effects of a patterned sapphire substrate rather than flat sapphire 
substrate are examined. The gold nanoparticles-insulator-metal sandwich 
structure is deposited on a hexagonal pyramid array. The objective is to test the 
identical hexagonal pyramids array will improve the optics of the surface. 
iv. The fourth objective is to develop a method to make a plasmonic substrate with 
nanoparticles distributed on the surface with sharp silicon nanopillars. The aim 
is to determine how to fabricate silicon nanopillars with gold nanoparticles as 
an etch mask in dry etching.  
1.2 Structure of the thesis 
        This document comprises of 7 parts, including a conclusion and an appendix at 
the end.  
        Chapter 2 has been accepted by Analytica Chimica Acta. It reviews current 
advances in the field of surface enhanced Raman scattering. The particular focus is on 
the main types of substrates and their applications in various practical areas. The 
fabrication methods approaching the plasmonic substrates are illustrated in detail in 
this chapter, and the keys points for developing high sensitivity plasmonic substrates 
are discussed for further development.  
        Chapter 3 investigated the fabrication of gold nanoparticles through thermal 
annealing of a gold thin film. Different conditions of thermal annealing have been used 
to figure out the best distribution of gold nanoparticles for enhancing the Raman 
signatures. The distribution of the gold nanoparticles is characterized and the signature 
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from silicon substrate is used as a ruler to evaluate the performance of each substrate. 
The silicon substrate offers an advantage of using the signature from the substrate itself 
as a reference to scale the performance of the gold nanoparticles. This chapter will be 
submitted to a journal in future. 
         In chapter 4, a sandwich layered structure with gold nanoparticles-insulator-
metal has been fabricated on a flat sapphire substrate. The double enhancement from 
the gold nanoparticles and the gold mirror improved the sensitivity significantly 
allowing the signatures can be seen at really low laser power and short exposure time. 
The cross section of the sandwich layered structure reveals the gold nanoparticles 
standing on the gold mirror with a thin layer of SiO2 as spacer. Two silicon substrates 
with gold nanoparticles of different sizes have been used as reference samples for 
comparison, which has reflected the advantage of the sandwich layers structure as 
Raman substrate. This chapter will be submitted a journal in future. 
        In Chapter 5, a patterned sapphire substrate with the sandwich layers structure is 
fabricated on its surface. The distribution of gold nanoparticles has been revealed 
through AFM. The Raman microscopy test reflected its high sensitivity in Raman 
scattering. Furthermore, the Fano effect was observed in experiment as different peaks 
in the asymmetric spectrum, which revealed the variation of optics of the substrates. It 
illustrated that the substrate has the potential for a localised surface plasmonic 
resonance sensor. This chapter is also planned for submission as a journal paper.  
         In Chapter 6, the gold nanoparticles were used as an etch mask in producing 
silicon nanopillars, a kind of nanostructure that used widely in solar cells, sensors, and 
transistors. The advantage of this method is that it does not refer to any high 
temperature process as chemical vapour deposition or hazard process as using aqueous 
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chemicals like HF. The fabrication process itself is simple and innovative. The 
sharpness of the silicon nanopillars can be tuned by suitable adjustment of the ratio 
between the flows of SF6 and C4H8. It can be used as a SERS substrate through another 
deposition of gold thin film on its surface. This chapter is prepared for submission as 
a journal paper at the same time.  
          A review of this document is given in chapter 7.  
          At last, an appendix includes a case for processing data with MATLAB codes is 
given as the last part of this document.  
1.3 Methodology and related instruments in research 
 1.3.1 Methods for nanofabrication of the plasmonic substrates 
        For fabrication of gold nanoparticles from a gold thin film, two types of facilities 
have been used. The first enables deposition of metal thin films with an e-beam 
evaporator or sputter system and the second is a furnace for thermal annealing with a 
glass tube or a rapid thermal processor.  
E-beam evaporator 
        The E-beam evaporator is a common instrument that used widely in the 
semiconductor industry for deposition of various metals for making ohmic contact on 
semiconductor devices. The method is to evaporate the materials of interest (e.g. gold 
or silver) in a pocket or crucible through a high-density electron beam directed by 
magnet in a vacuum environment of about 1e-9 Pa. When the vapour of the material 
arrives at the surface of the substrate above the crucible, it cools down and solidifies 
as a thin film on the substrate. For uniform heating of the material in a crucible, there 
are normally different types of scanning modes of the e-beam on the material, and 
some E-beam evaporators even have installed argon plasma for cleaning of the 
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substrate before evaporation. In the process of deposition, the step of evacuation of the 
chamber normally takes a large ratio of the total time consumption and this depends 
on the size of the chamber.  
Sputter    
          Sputtering is another method for deposition of thin films. It normally uses an 
argon plasma to bombard the material of interest (the target) through a high voltage 
electric field in the chamber. While the high-density argon plasma incident on the 
surface of the target (e.g. gold), it causes the atoms of the target escape with a high 
speed. Atoms that reach the substrate solidify on the surface of substrate to form a thin 
film. Except for the method for deposition, other parts of the sputter system are quite 
similar to those of an e-beam evaporator. Both need a vacuum environment and are 
installed with a vacuum pump system. 
Furnace    
        A furnace is used to heat the thin film on the substrate to form nanoparticles. 
Normally, a tube furnace is used with flow of nitrogen or argon for driving air and 
oxygen out of the glass tube. Rapid thermal anneal (RTA) is used widely in the 
semiconductor industry and this enables control of the process very precisely, 
permitting the temperature to ramp-up and ramp-down for hundreds of degrees in 
several seconds. The tube furnace is cheap and simple, but cannot control the 
temperature exactly as that of RTA. Both of them have been used in this research.  
Plasma Enhanced Chemical Vapour Deposition (PECVD) 
        For deposition of dielectric thin films, plasma enhanced chemical vapour 
deposition can be used, in which there is a high voltage electric field in the chamber 
to ionize the precursors before deposition. The plasma has the advantage to let the 
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chemical reaction start at a lower temperature compared with common chemical 
vapour deposition. In fact, the heater in the PECVD system often has a limit on 
temperature for heating, normally under 400 ℃, while other CVDs often need to heat 
the sample to above 1000 ℃ for deposition. It is commonly used to deposit SiO2 or 
Si3N4 as a passivation layer in the semiconductor industry. In this work, it is used to 
deposit SiO2, in which SiH4 and O2 are used as the precursors. 
Reactive Ions Etcher (RIE)    
        The mechanical structure of Reactive Ions Etcher (RIE) is quite similar to a 
PECVD system. The RIE system uses a high voltage to ionize the precursors before 
the etching of a substrate. The difference is that the sample in RIE is etched by the 
precursors through chemical reaction with the surface of the substrate while the thin 
film is deposited on the surface of the substrate in the PECVD system. Generally, there 
are two functions in the RIE chamber for etching of a substrate. One is the physical 
etching through bombardment of precursors ions on the surface of substrate and the 
other is the chemical etching through reaction with the substrate material.  The physical 
etching results in a vertical etch in the process, while the chemical etching gives an 
isotropic etch of the substrate. For obtaining a vertical wall in the etching, a passivation 
gas is often used to deposit a thin film on the cross section of the wall for protecting 
of it. For example, in the process of etching silicon, the SF6 and C4H8 are frequently 
used as precursors, in which the SF6 is used as etching precursor and C4H8 is used as 
passivation gas to protect the wall of silicon. In this work, the RIE is used to produce 
silicon nanopillars using gold nanoparticles as an etch mask.  
          More about the process and related instruments for fabrication of plasmonic 
substrates, one can check Dr. Simon Sze’s famous book < Semiconductor devices: 
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physics and technology> 2nd press by John Wiley & Sons Inc18, in which the physics 
of semiconductor devices and the fabrication technology is described in detail.  
1.3.2 Metrology methods 
          For characterization, an Atomic Force Microscopy (AFM) and Scanning 
Electrons Microscopy (SEM) are used for inspecting of the surface morphology. The 
Raman microscope is used to detect the molecules attached to the surface of the 
plasmonic substrate. In addition, a spectrometer is also used to test the reflection 
spectrum of the substrates.  
Atomic Force Microscope (AFM) 
          AFM is commonly used to detect the surface morphology of samples. It uses a 
cantilever with a sharp tip to scan on the surface of sample, the variation of the tiny 
cantilever is sensed by an optic system with a laser incident on the cantilever and a 
detector to inspect the reflected light by the cantilever. The height difference on the 
surface of the sample is detected by the sharp tip and feedback to the photo detector.  
It provides information for the computer to map the surface profile of a sample. 
Compared with SEM, the AFM does not have special requirement for preparation of 
samples. It is a quick solution for morphology characterization. In this work, it is used 
to detect gold nanoparticles on the substrates.  
Scanning Electrons Microscope (SEM)   
         SEM is one of the most used characterization methods in various fields of science 
research. The mechanism of SEM is a little bit similar to the optical microscope, but 
with a much higher resolution. The difference is that it uses an electron beam instead 
of light beam in the optical microscope. Normally, there is a tungsten lamp for 
emission of electrons, and before arriving at the sample surface, the electron beam is 
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directed by magnet and electric field with a function like lens in the optic microscope. 
Collection of the reflected electrons from the sample reveals the surface information. 
No special preparation of the sample is required for conductive substrates like silicon, 
but for non-conductor, a thin gold layer on its surface aims for detection. The samples 
in this work are already conductive.  
         A Focus Ion Beam (FIB) is always installed in the SEM system employed in the 
preparation. The high-density ion beam is a good “knife” for cutting the hard samples 
accurately and exposing the cross section for observation. In this work, the FIB is used 
to cut the flat sapphire substrate with gold nanoparticles-insulator-metal sandwich 
layers, and expose the cross section of the layers structure for inspection in the SEM.  
Raman Microscope 
          Raman microscope is a key metrology facility for this work, since the purpose 
of the work is to design and fabricate various plasmonic substrates for enhancing the 
Raman signatures of molecules in detection. Different kinds of lasers with different 
emission wavelength such as 785nm, 685nm, 633nm, 514nm, and 435nm, can be used. 
The laser interacts with the target molecules, and the vibration of the molecules results 
in the variation of wavelength for reflected light, known as Raman shift. It is a kind of 
finger-print signature of the molecules. In this work, the 633 nm and 514 nm laser are 
used for detecting R6G molecules.    
          For details about the characterization, one can check Dr. Schroder’s famous 
book <Semiconductor material and device characterization> 3rd edition, IEEE press, 
2006 19.  
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                                                  Chapter 2 
Literatures review: Plasmonic substrates for surface-
enhanced Raman scattering 
2.1  Introduction         
Raman scattering was first discovered by Raman in 1928 in liquids as a new 
radiation from the vibrations of molecules 20 and was also reported by Landsberg and 
Mandelstam in crystals independently almost at the same time 21. It describes the 
interaction between light and the vibrations of molecules or atoms in a solid. As a 
powerful analytical tool, it is used widely in biotechnology, biomedicine and 
biochemistry 22 as a “fingerprint” characterization technique for detecting DNA and 
molecules 13.  
          The fundamentals of Raman scattering can be illustrated by the classical 
electromagnetic theory. The vibrational polarizability of the molecules in a general 
time harmonic oscillation electric field results in a dipole moment vibration 23, 
expressed as  
                                0
0 0 0 0
1
cos(2 ) [cos 2 ( ) cos 2 ( ) ]
2
L L M L MP E t E Q t t
Q

       

    

     (1) 
where E0 represents the amplitude of the electric field from incident light, L  is the 
frequency of the incident light wave, 0 is the polarizability of the molecule which 
vibrates with a certain frequency M , and Q represents the nuclear displacement of 
the molecule. The scattered light changes its frequency. If it changes to a longer 
wavelength L M  , or in other words,  a photon with a lower energy is emitted, the 
phenomenon is called Stokes scattering 23; if the frequency shifts to a shorter 
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wavelength L M   , and as a result, a photon with a larger energy is emitted, the 
phenomenon is called anti-Stokes scattering 23. The 0 0 cos(2 )LE t   part corresponds 
to the so-called Rayleigh scattering, where there is no frequency variation in the 
scattered light.                                                    
          The vibration of the chemical bonds from molecules, either via stretching or 
bending interacts with the incident light, and produces its “fingerprint” signature in the 
Raman spectrum. Though it has been recognized as a powerful tool in chemistry 
analysis, biotechnology, and many other fields, the Raman scattering has a major 
drawback of a small scattering cross section that is 1012-1014 times smaller than that of 
fluorescence, which results in a very low signal during test 24. Surface-enhanced 
Raman spectroscopy (SERS) can significantly augment the scattering 25 by 
electromagnetic enhancement, i.e. by amplifying the electromagnetic fields by means 
of localised surface plasmon 26,  and by chemical transfer enhancement due to a 
transfer of charges between a molecule and the surface it attaches to 27. Normally, the 
electromagnetic enhancement is in the range of 106-108 times, while the chemical 
transfer can enhance the signal 102-103 times 24. Therefore, the electrical enhancement 
from the metal nanostructures makes a more significant contribution to the total 
enhancement than the chemical transfer. 
         Based on the electromagnetic theory, the enhancement factor is determined from 
a combination of the incident field of a laser wave ( 
2| ( ) |in LE  ), the emission field of 
Raman radiation (
2| ( ) |in RE  ), the amplified local field of the laser wave (
2
( )LOC LE  ), and 
the amplified local field of the Raman radiation (
2
( )LOC RE  ) 
28, 29, expressed as  
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It follows from equation (2) that the enhancement of the local electric fields by 
designing appropriate plasmonic metallic nanostructures is an attractive option. 
Hotspots, such as miniature gaps between metallic nanostructures 1, are defined as 
highly localized regions where the local field is enhanced by the local surface plasmon 
resonances 24. When the gap between nanostructures decreases, the enhancement 
factor typically increases, and as a result, the localized field in the gap improves 1.   
However, the effect also depends on the resonant frequency of local surface plasmon. 
When the frequency of the Raman excitation wave matches with the resonance of a 
local surface plasmon, the further enhancement can occur with the same nanogap 30.     
Different types of SERS substrates can be divided into two main categories: 
substrates with directly fabricated solid-state Au or Ag nanostructures, and substrates 
obtained by placing chemically synthesized Au or Ag colloids onto them. Thus, the 
methods that have been used to fabricate surface-enhanced Raman scattering 
substrates can be categorized into two kinds, the physical methods and the chemical 
methods 31, 32. The physical methods, or top-down methods, involve the fabrication of 
metallic nanostructures with lithography technologies, such as electron beam 
lithography (EBL) 1, 33,  nanosphere lithography 34, 35, and nano imprint technology 36, 
37. Some randomly formed nanostructures such as evaporated Au or Ag nanoislands 10, 
or Au/Ag coated nano pillars can be produced without lithography technologies, e.g.  
by dry etching 7, 38, and these non-lithographic techniques can also be categorized into 
physical methods. The electron beam lithography could fabricate really fine pre-
designed nanostructures with a high resolution (~10nm), but only in a very small area, 
with the size of a few square millimetres 1. Using nanosphere lithography, either 
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polystyrene nanospheres or silica nanospheres 34, 35, nanostructures arranged into 
hexagonal patterns with controllable sizes and interceptions can be synthesised in a 
large area even at the wafer scale. This technique is, however, limited to certain special 
patterns, while fabricating a uniform wafer scale pattern without any defects is a huge 
challenge. Some physical methods, such as focused ion beam milling 39-41 can be used 
to fabricate controllable plasmonic metallic nanostructures with a high resolution. 
Such a method does not need any mask or lithography technology to transfer 
nanopatterns, but mills the metallic thin film directly with ion beams. The laser direct 
writing technology 42, 43, another physical method, can even write complex 3D 
plasmonic nanostructures directly on the surface of some materials 44. 
The chemical methods, or bottom-up methods, refer to the chemical synthesis 
of nanoparticles (or their nanoclusters and nanoaggregates) such as Au and Ag 
nanoparticles with chemicals 13, 14, 45. Nanogaps narrower than 5 nm can be formed 13. 
Au or Ag nanospheres possessing rough surfaces with multiple nanometre needles 
rather than smooth spherical surface can be synthesized by controllable chemical 
synthesis 16, 17.  These type of structures increases the number of hot spots, which 
results, in some cases, in the significant enhancement in Raman intensity 16, 17. The 
chemical methods can also produce good plasmonic substrates for enhancing Raman 
scattering. DNA origami nanodimers for SERS formed by self-assembly 13, gold 
nanoparticles coated with SiO2 shells 
14, 15, and gold nanoparticles with sharp spikes 16, 
17 are excellent examples.  
A particular advance provided by surface-enhanced Raman scattering is the 
ability to detect single molecules 46-48; this is covered in detail in recent reviews 32, 49, 
50 and will be, therefore, only briefly touched here.  The nanofabrication methods can 
generate small nanogaps “hotspots” with a highly localized field for the enhancement 
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of the Raman intensity. Fang et al. 51 have investigated how the hotspots influence the 
SERS detection. According to their research 51,  the hottest sites that have a significant 
Raman enhancement larger than 109 times, contain just 63 molecules from over a 
million molecules on the substrate but contribute 24% of the overall SERS intensity. 
In contrast, the coldest sites with a Raman enhancement smaller than 105 times involve 
61% of the molecules and only contribute 4% of the total SERS intensity. This 
example illustrates the importance of fabrication of very small nanogaps (hotspots) 
with a high density to ensure that more molecules can be situated in the areas with 
highly localized field.   
 The substrates with directly fabricated noble metallic nanostructures and those 
obtained by placing chemically synthesized Ag or Au colloids, are described in the 
following. The basic design principles for fabricating highly localized hotspots for 
enhancing Raman signatures are simultaneously pointed out through the analysis of 
practical substrates. Each type of SERS substrates is analysed for its advantage in 
SERS detection. In the following section of this review, the broad practical 
applications of the SERS substrates in various fields such as heritage, food safety, 
biotechnology, environmental monitoring and detection of explosives is illustrated. In 
the final part of this review, the perspectives of this field are outlined. In particular, 
the design rules for SERS substrates with a high density of hotspots are discussed.                   
2.2   Solid-state SERS substrates with noble metallic nanostructures 
produced through physical methods 
2.2.1 Metallic nanodimer substrates fabricated by electron beam lithography  
Crozier’s group used the electron beam lithography to fabricate a plasmonic 
substrate for SERS and developed a special method to fabricate metallic dimers with 
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a gap less than 10 nm 1, which was beyond the normal resolution of EBL technology. 
The nanostructure was fabricated on an ITO-coated glass. Its fabrication process is 
shown in Fig.2-1 (a), and the SEM images of the dimer are shown in Fig.2-1 (b) and 
(c). A 100 nm  80 nm area of Ti (2 nm)/Au (30 nm)/Ag (30 nm)/Cr (10 nm) was 
determined by evaporation and EBL. The most innovative aspect of the development 
is that the Cr film was oxidized, and the edge of the CrOx extended out of the square 
and worked as a mask in next step. Another area of 144 nm  80 nm from Ti (2 nm)/Au 
(30 nm) was evaporated next and EBL was performed with 44 nm80 nm area covered 
on the first square. Because of the extension of the CrOx, a small gap was created with 
no Ti (2 nm)/Au (30 nm) film formed between the two squares. The gap size was 
determined  by the oxidization time of Cr 1.  It is found that when the gap increases, 
the extinction curve shows a blue-shift. The SERS enhancement is strongly dependent 
on the gap size of hotspots. Using Rhodamine 6G as a test molecule, the Raman 
microscopy showed that the sample with gaps of 3nm has an enhancement factor of 
1.1108 for 1072 cm-1, 25 times higher than that of the sample with a gap of 12 nm 
(4.4106 for 1072 cm-1). The huge contrast of enhancement factors of SERS intensity, 
originates from the high local field of hotspots with a smaller gap size. Further research 
1 has pointed out that the SERS enhancement factor decreases fast with the increase of 
gap size of the dimer. Thus, the gap in the dimer is a key for improving the SERS 
enhancement factor and the sensitivity of Raman microscopy.      
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     Fig.2-1 Ag dimers: (a) Fabrication process and (b, c) SEM images of the dimers 1.  
           Wang et al. 2 put the Ag dimer in an Ag circle, and allowed the nanostructure 
to sit on a SiO2 spacer over an Ag mirror (Fig.2-2 (a) and (b)). According to previous 
research 52-55, this structure allows the localized surface plasmonic modes couple with 
the propagating surface plasmonic modes, thus improving the magnitude of the field 
further. The antennas couple with their image from the Ag mirror, and improve the 
SERS intensity further. Meanwhile, the Ag ring can lead to an even stronger excitation 
of surface plasmons. Based on the finite element method (FEM)  simulation, the 
electric field in the gap of the antenna (or dimer) in the model with a SiO2 spacer, an 
Ag mirror, and an Ag ring, is stronger than that in the model with only a SiO2 spacer 
56. Actually, according to the far field calculation, the model in Fig. 2-2 (a) and (b) 
could direct the radiation power perpendicularly to the surface, while the radiation 
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spreads to the SiO2 side in the model in Fig.2-1 (b) and (c) 
2. The high enhancement 
factor allows a single molecule to be detected in Raman microscopy. However, a 5 nm 
gap nanoantenna was really difficult to fabricate even with EBL, in which only one in 
six samples could be successful 2. A similar work by Ahmed and Gordon 57 used Au 
instead of Ag as a metallic material for excitation of plasmonics. The gold antenna (6 
nm feed gap) was sitting in a gold nano hole on the surface of SiO2 spacer over gold 
mirror. Enhancement from local field (1011 times enhancement by calculation) and 
antenna directionality (102 times enhancement by calculation) can make the detection 
of a single molecule possible 57.                                                                                                             
           Besides putting the nanoantennas or dimers in a metal ring or a metallic hole, 
Wang et al. 3 also used metallic strips to separate the nanoantennas from each other on 
the surface of a SiO2 spacer over gold mirror. This method also resulted in high 
directivity nanoantennas, which directed the electric field to the vertical direction from 
the substrate. Combining the enhancement from hotspots and the mirror, a higher 
enhancement of Raman intensity than that of basic nanoantennas could be produced. 
The FEM calculation could verify that, with the gold mirror and the gold strips, the 
electric field in the hotspots has been improved significantly, resulting in the 
enhancement of Raman intensity. An SEM image of the configuration of gold 
nanoantennas combined with gold strips, and a gold mirror 3 is shown in Fig. 2-2 (d). 
The gold mirror with a thickness of 120nm was fabricated by EBL, and the SiO2 of 
50nm thickness was formed by atomic layer deposition. The gold nanoantennas (and 
also the gold strips) are 30 nm thick by e-beam evaporation with a 1 nm thick 
evaporated Ti as adhesion layer to the SiO2 spacer, and patterned with two runs of EBL 
process. By introducing the CrOx mask method 1, the feed gap of the antennas was 
controlled to 5nm. Benzenethiol was used as a test molecule in Raman microscopy. 
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The proposed model in the experiment showed advantage over the other two models 
(one with gold nanoantennas and a mirror but without gold strips, and another with 
just gold nanoantennas without gold strips and a mirror) in Raman microscopy 
measurements. With the help of the gold mirror and gold strips (Fig. 2-2 (e)), the 
proposed model showed 120, 156, and 200 times of improvement for the 416 cm-1, 
1072 cm-1, and 1586 cm-1 Raman shifts, respectively 3.  Furthermore, rather than the 
enhancement from the hotspots in the nanoantennas or dimers, the metallic mirror 
method has also been used to enhance the local field in the evaporated and annealed 
metallic nanoparticles. A wafer scale nanostructure with an Ag mirror, a SiO2 spacer, 
and evaporated-annealed Ag nanoparticles has been fabricated 10, and also showed 
advantage over evaporated-annealed Ag nanoparticles without Ag mirror. Compared 
with fabrication of nanodimers or nanoantennas with EBL technology, the biggest 
advantage of this work is that it introduced a simple method to fabricate multiple 
hotspots via evaporation and annealing of Ag, and made wafer scale fabrication 
possible. Actually, before these works were carried out, the metallic mirror method 
together with local fields, for enhancing Raman intensity with both local and 
propagating plasmonics, has been investigated by Chu et al. 58, 59.  Micron-scale 
metallic disk array with nano scale thickness has been fabricated on a SiO2 spacer over 
a metallic mirror 58. The localized surface plasmon mode from the disk array and the 
propagating plasmon mode from the metallic mirror have been studied, and proper 
double enhancement from both modes would improve the Raman intensity further.  
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Fig. 2-2 Metallic nanodimer substrates: (a) a schematic of an Ag dimer in a circle over 
Ag mirror 2 (b, c) SEM images of Ag dimer in a circle over Ag mirror 2 (d) SEM of 
gold nanoantennas with gold strip, SiO2 spacer, and gold mirror 
3 ; (e) SERS spectra 
with BZT for three different device models 3.  
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2.2.2 Metallic film over nanospheres (FON)  
Van Duyne and his colleagues 60, 61 have investigated a substrate with an Ag 
film over nanospheres for SERS. Furthermore, the application of these substrates for 
SERS in diagnosis of disease have been explored. The FON configuration4, 51, i.e. 
evaporating a thin metallic film on the surface of dielectric polystyrene nanospheres 
to prepare a SERS substrate, is considered as one of the classical configurations of 
substrates for SERS. Fang et al. 51 have used this model to study the contribution of 
different hotspots (with varied enhancement) to the total signal in Raman microscopy, 
and  the results of this study led to  a general principle for designing SERS substrate 
described in the next paragraphs.  It is a classical substrate configuration with a long 
history and is still highly used 5, 62. 
Some SEM images of this substrate configuration are shown in Fig. 2-3 c, e, g 
and Fig.2-3 d,f,h 4. Fig. 2-3 a, c, e and g shows a silver thin film evaporated on the 
supporting nanospheres in a stationary mode, while the Fig. 2-3 b, d, f and h shows a 
silver thin film evaporated on the supporting nanospheres in a rotating mode. There 
are some differences in the morphology of the silver film evaporated in different 
modes. Many silver nanopillars can be seen on the surface of the nanospheres in the 
specimen produced by evaporation in the rotating mode, while nodular burls appear 
on the surface of the silver film evaporated onto nanospheres in the stationary mode. 
The heat dissipation during the spinning of the substrate holder was believed to be 
responsible for forming silver nanopillars [44]. Actually, the formation of the silver 
nanopillars would increase the local field while light wave is incident on its surface, 
thus result in further enhancement of the Raman scattering. The resonance peak 
depends on the size of the supported nanospheres 4, 63. With the increase of the diameter 
of the nanospheres, the resonance peak would red-shift 4. Thus, appropriate control of 
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the nanosphere size could tune the resonance and select the best one for Raman 
microscopy.    
 
 
Fig. 2-3 SEM image of evaporated AgFON fabricated under two conditions: stationary 
(a) and rotating (b). Top view (c, d), oblique view (e, f), and cross section view (g, h) 
are shown. SEM images show the Ag thin film and microspheres on the silicon 
substrates (200nm thick Ag on 600 nm silica microsphere)  4.  
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Fig. 2-4 Experiment results for Ag FON and Au FON substrates: (a) plasmonic 
resonance of Ag FON and Au FON (200nm film on 600nm nanospheres); (b) Raman 
shift for BZT attached to silver FON and Au FON; (c) real dielectric function for silver 
and gold depends on wavelength; (d) quality factor for silver and gold depends on ideal 
plasmonic resonance 4 
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          Past research on FON substrates has given several principles for the future 
design of this structure for SERS, as summarized by Willets and Van Duyne 30.  One 
principle is that the intensity of the Raman shift depends on the distance between the 
molecular probes and the metallic nanostructure 30. In other words, the Raman 
scattering enhancement factor decreases with the increase in the distance between 
molecular probes and the metallic nanostructures 30. It could be elucidated by 
analysing the decay of near field around the metallic nanostructure as a function of 
proximity to it. It has been verified by coating Al2O3 layers of different thicknesses on 
the same metallic nanostructures with atomic layer deposition (ALD) and 
subsequently performing Raman microscopy measurements 30.  
         Another important principle is that the maximum enhancement of Raman 
scattering happens when the plasmonic resonance of the nanostructure is between the 
excitation wavelength and the value of Raman shift as verified by the FON substrate 
configuration in an experiment 30. However, it is easy to make a mistake and consider 
that the plasmonic resonance peak should match the excitation wavelength for the best 
enhancement in SERS substrate design. The conclusions derived from the analysis of 
FON substrates allow the specialists to prevent this typical mistake. This principle has 
been used to choose the best size of the nanospheres for the largest enhancement in the 
FON SERS substrates 4.  One can see in Fig.2-4a that, for the laser excitation wave of 
785 nm in Raman microscopy and the Raman shift signatures of benzenethiol (BZT) 
at 851 to 898nm (1000-1600 cm-1), the ideal plasmonic resonance is located between 
818 and 841nm. The resonance of Ag FON substrate shown in Fig.2-4a is located 
between the laser excitation wavelength and the Raman shift, while the resonance of 
Au FON substrate is in the range of different Raman signatures for BZT. Both of them 
are not located in the ideal resonance wavelength range, but the location for Ag FON 
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resonance is more appropriate than that of Au FON resonance. As it is closer to the 
ideal resonance range, the Raman enhancement is much stronger for the Ag FON 
substrate. According to this illustration, the perfect match with the design principle is 
not very easy in real fabrication, but one needs to adjust the fabrication process to find 
the best match. For the same measurement condition, the Ag FON substrate performed 
much better than the Au FON substrate using BZT as a probe molecule.  
Another reason for better Raman enhancement in the Ag FON substrate is the 
difference in the quality factors of Ag and Au (the quality factor is defined as the ratio 
between the square of the real part of the dielectric function and the imaginary part of 
the dielectric function for a metal) 4. The real part of the dielectric constant of Ag is 
above that of Au from 400 to 1400 nm, which results in a quality factor of Ag larger 
than that of Au in the same wave region. Especially, in the blue and green range, the 
quality factor of Au is lower than 103, while the quality factor for Ag increases from 
103 to 106, which suggests that Au is much looser than Ag in this region. Only when 
the wavelength is higher than 600 nm, the difference between quality factors of Au 
and Ag becomes smaller. Thus, Etchegoin and Le Ru 64 have suggested that one should 
use a laser wavelength longer than 600 nm to excite molecules in Raman microscopy 
for achieving a better enhancement. Since the quality factor is proportional to the 
square of the local field with optimized excitation wavelength, Ag has an advantage 
over Au as a metallic material for enhancing Raman scattering. This could be seen as 
another principle to select a suitable metallic material for SERS substrate.  
 The introduction of silver nanogaps formed on the surface of the Ag FON 
structure via intercepting an Al2O3 layer is another important development 
5. The 
fabrication process and the SEM image of the SERS substrate are shown in Fig.2-5a-
d. In the fabrication procedure, a thin Al2O3 layer was deposited on the surface of the 
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Ag FON structure first, and another layer of Ag thin film was subsequently evaporated 
on the surface of Al2O3 interception layer. The reactive ion etching (RIE) was used to 
remove Ag thin film at the top of the FON structure, while the Ag between the 
nanospheres remained intact during etching. Finally, wet etching was used to remove 
the Al2O3 layer exposed. In the end of the fabrication process, a nanonet of Ag exists 
on top of the Ag FON between nanospheres, with the Al2O3 interception layer 
separating nanospheres and the silver nanonet. Two comparison experiments have 
been done in this work. One has been used to test how the Al2O3 interception layer, 
i.e., in other words, the gap between the Ag nanoring and Ag FON, influences the 
Raman microscopy. BZT was used as a probe molecule, and a 514.5 nm laser wave 
was used as excitation wave. Three samples were tested, one Ag FON (with 500 nm 
nanosphere size and a 200 nm Ag thin film), one sample without a gap between Ag 
nanoring and Ag FON (the same as the first Ag FON), and one sample with a 10 nm 
gap between Ag nanoring and Ag FON. The Raman microscopy measurement showed 
that the one with a 10 nm gap between Ag nanoring and Ag FON had an advantage in 
the enhancement of the Raman intensity over the other samples. The other comparison 
experiment was to vary the diameter of the nanospheres to tune the resonance of the 
Ag nanoring-gap-Ag FON structure. Three diameters, 400nm, 500nm, and 600nm 
have been tried. The sample with the resonance frequency with the best match with 
the middle of the range between the laser excitation and Raman signature has an 
advantage over the other samples, which could be supported by the design principles 
discussed in this section. However, when it is used as a local surface plasmon 
resonance refractive index sensor, the Ag FON structure is more sensitive than the Ag 
nanoring-gap-Ag FON structure.  
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              A similar work based on the FON structure and described as metallo-
dielectric photonic crystals (MDPC) has been developed by Zhao et al. 6. The photonic 
crystal was composed by the hexagonally packed polystyrene nanospheres. The 
multiple alternating a-Si and Ag layers were deposited on the surface of the 
nanospheres to replace a single Ag layer. The fabrication process is shown in Fig. 5e-
i 6.  This structure has led to a significantly higher sensitivity of measuring R6G by 
Raman microscopy compared with previous work.  A concentration as low as 10-12 
mol/L has been detected, and the measured enhancement factor has been as high as 
7.6×107.  When the Ag FON structure is immersed in a solution for the synthesis of 
ZIF-8 (Zn(mIm)2, mIm = 2-methylimidazolate), a rough, textured surface of the Ag 
FON structure coated with ZIF-8 can be fabricated 62.  Compared with the common 
Ag FON structure, it has an advantage for adsorbing gases and vapours on its surface, 
and can work as a refractive sensor for gases.  It would also make the Raman scattering 
measurement more stable than when the common Ag FON structure is used 62.      
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Fig. 2-5  Fabrication and images of the Ag nanoring-gap-Ag FON (a, d) and MDPC 
(e- i) substrates: (a) a schematic of fabrication process for plasmonic nanoring cavities 
using nanosphere lithography and atomic layer deposition (ALD); (b)  SEM image of 
the nanoring cavities on the FON substrates (scale bar corresponds to 200nm); (c) SEM 
of the nanoring cavity array former over a 16um *10 um area; (d) photograph of the 
nanoring cavity (FON-gap) sample on glass 5; (e) a schematic of the fabrication 
process, left to right: PS SAM deposited on a supporting substrate; PS SAM shrinkage 
after thermal treatment; a-Si sputtered onto the PS SAM to form a-Si PCs;  MD units 
integrated into a-Si PCs to form MDPCs; (f- i) SEM images  for PS SAM (f), PS SAM 
after thermal treatment (g), a-Si PCs (45 ̊ tilted; h), and MDPCs with 4 MD units (45  ̊
tilted; i) 6.                                   
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2.2.3 Nanopillars coated with a metallic film   
             Coating metal film onto nanopillars to fabricate a Raman scattering substrate 
is also attractive and has the potential to be commercialized. An interesting maskless 
reactive ion etch method has been attempted by Schmidt et al. (Fig. 2-6a-d) 7.  
Bombardment on the surface of silicon wafer with SF6
- ions, has produced an array of 
silicon nanopillars without the use of any mask. This method has two advantages, the 
possibility to be applied at a wafer scale and to be etched without any mask. Coating 
metallic film on its surface with an evaporator or a sputter can produce a high density 
of hot spots. By properly tuning the oxygen and SF6
- ratio as well as the etch time in a 
RIE system, the profile of the silicon nanopillars can be tuned 38.  Schmidt et al. 38 has 
compared silicon nanopillars with different morphology prepared via maskless dry 
etch. The design and fabrication of high density metal-coated Si nanopillars followed 
the principle stating that sharp and high-density hotspots can induce a high 
enhancement factor in Raman scattering and increase the possibility for the probe 
molecules to be adsorbed to the hotspots. Actually, with the help of polystyrene 
nanospheres, silicon nanopillars can be fabricated in a more controllable way. The 
diameter of the nanopillars can be controlled by the diameter of the nanospheres and 
the interception between each pair of nanopillars can be controlled by the interception 
between nanospheres. If an anisotropic wet etch can be introduced in the process 
instead of RIE with a purpose-designed mask, perfect nano- or micropyramids sitting 
on the (100) surface can be produced without any special treatment.    
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Fig. 2-6 Fabrication and Raman characterization of silicon nanopillars: (a, b) maskless 
reactive ion etch of silicon substrate; (c) metal deposition onto the silicon nanopillars 
(d) SEM image of the gold-coated silicon nanopillars (e) Raman spectra of BPE (1 
mM) obtained with the gold-coated silicon nanopillars under three different conditions 
(post-leaned, pre-leaned, non-leaned) and that obtained with a commercial SERS 
substrate 7.  
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         The capillary force during evaporation causes the nanopillars to lean to their 
neighbours (Fig. 2-6 e), creating many hotspots with narrow gaps. Then, the probe 
molecules can be adsorbed on the substrate for Raman microscopy. Three different 
modes of leaning have been shown as inset schematics (Fig.2-6e). The Raman 
enhancement for each mode is quite different, but matches the property of hotspot 
quite well. The smaller the gap, the higher the local field and the higher the 
enhancement.  For comparison, a commercial SERS substrate was also tested as 
reference. The density of hotspots also influences the enhancement of Raman 
scattering, a design principle for the substrate fabrication introduced prior in this 
review. The Raman intensity changes for SERS substrates with different density of 
nanopillars. Raman microscopy has been performed for gold-coated silicon nanopillar 
substrates with different density of nanopillars of 3.3/m2, 8.9/m2, and 18/m2. The 
higher the density, the higher the enhancement. Yang et al. 65 have used the gold-
coated silicon nanopillars fabricated via maskless dry etch in a biological application. 
The substrate was functionalized with an aptamer first, and then 5-
carboxytetramethylrhodamine-labeled vasopressin molecules were captured by the 
aptamer on the SERS substrate. The gold nanopillars substrate functionalised with the 
aptamer can detect the Raman signature of vasopressin with a concentration as low as 
10 nM; the detection at this level cannot be achieved with a substrate with untreated 
gold nanopillars.  Wu et al. 66 have recently investigated the SERS substrates with 
silicon nanopillars coated with Ag in detail. They have evaluated how the oxygen 
plasma treatment, the thickness of Cr adhesion layer for Ag, the height of the silicon 
nanopillars, and the thickness of the Ag thin film influence the sensitivity of SERS. As 
practical SERS substrates, the Ag-coated silicon nanopillars have also been used in a 
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portable handheld Raman instrument to detect chemical warfare agents and hazardous 
picric acid for security applications67, 68.   
 
 
 
 
Fig. 2-7 Fabrication of silicon nanopillars via nanosphere lithography and metal-
assisted catalytic etch 8  
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Besides dry etching, metal-assistant catalytic etching of silicon is another 
method to fabricate nanostructures on a silicon wafer. Combined with the nanospheres 
lithography technology, it can be used to fabricate silicon nanopillars 8. Commonly, a 
silicon wafer is partly patterned using a metal mask, such as Ag, Au, Pt, or Al, and is 
submerged in a solution of HF and an oxidant (such as H2O2). The area under the noble 
metal is etched much faster than other areas with no metal coverage. The process for 
the fabrication of silicon nanopillars by metal-assisted wet etch is shown in Fig.2-7. 
The polystyrene nanospheres shield silicon from silver thin film deposition; as a 
consequence, uncoated part of silicon is not etched in solution. This method has been 
used by Huang et al. 9 to fabricate a SERS substrate. An SEM image of the 
nanostructure is shown in Fig. 2-8. A 20 nm Ag layer was coated on silicon nanopillars 
with a diameter of 110 nm and a height of 700 nm. The space between pillars was 150 
nm. The large space allowed big probe molecules to enter easily, and the substrate was 
good for the characterization of DNA, which had a length between 20 and 50 nm. Any 
molecules dropped into the space where a highly localized field was get an 
enhancement of their Raman signatures while excited by a laser.  Comparison 
experiments were performed with both the classical Ag FON substrate and the 
substrates with nanostructures made by the metal-assistant catalytic etch. Raman 
microscopy mapping showed that the substrate made by the metal-assistant catalytic 
etch had a more uniform distribution of hotspots.  The relative standard deviation, the 
standard deviation of the Raman intensity for a certain Raman shift at each point on 
the SERS substrate over the average Raman intensity for the area prepared for 
measurement, was used to evaluate the reliability and uniformity of the two different 
SERS substrates. After comparing the experiments for several solutions of different 
molecules adsorbed onto the SERS substrates with Ag-coated nanopillars and the Ag 
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FON SERS substrates, it has been concluded that the nanostructure made by the metal-
assisted catalytic etch and sputter coating has an advantage in uniformity over the 
traditional Ag FON substrate. The results of Raman mapping over a 100µm  100µm 
area for both the substrate with Ag-coated Si nanopillars and the Ag FON substrate 
(using 4-aminobenzenthiol (4-ABT) as probe molecules, 1076 cm-1) is shown in Fig. 
8a and b, respectively. The uniformity of the map obtained from the substrate with Ag-
coated Si nanopillars is much better than that of the map obtained from the Ag FON 
substrate.  
             The standard lithography technology has also been used to fabricate metal-
coated Si nanopillar arrays69, 70. In particular, the electron beam lithography is a good 
tool to pattern fine nanoscale arrays with high resolution; subsequently, regular metal-
coated nanopillars arrays can be fabricated with the help of a dry etcher and sputter 
(evaporator) 69. Compared with the maskless plasma bombardment method, 
nanospheres lithography and metal-assisted wet etch method, it is easier to fabricate 
nanopillars in the form of a pre-designed periodic array by the EBL method. It is a 
reproducible and reliable method to fabricate SERS substrates with a high resolution 
in a small area. Caldwell et al. 71 have used EBL to fabricate gold-coated arrays of Si 
nanopillars as SERS substrates. Different diameters of Si nanopillars have been 
investigated by Raman microscopy, and an optimized diameter of around 150 nm has 
been recommended 71. The focused ion beam has also been used to carve out a periodic 
array of cones in a topological insulator. After this structure was coated with a gold 
shell to introduce plasmonic effects, it demonstrated a high potential to be applied in 
solar cells 41. Knipe et al. 72 have used the laser interference lithography and dry etch 
method to fabricate a square two dimensional grating on a 15 mm  15 mm silicon 
wafer. Subsequently, then have deposited silica by plasma-enhanced chemical vapour 
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deposition to form closely spaced features for gold evaporation. A uniform SERS 
detectability of ethylene as molecular probe has been achieved.  Besides the top-down 
methods to produce nanopillars by etching, the vapour-liquid-solid catalytic growth of 
silicon nanowires is another method that can be used to fabricate silicon nanopillars 
for SERS, but in-depth discussion of this method is beyond the scope of this review 73, 
74.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
34 
  
 
 
 
Fig. 2-8 Raman microscopy spectra with 4-ABT and R6G as molecular probes: (a) 
Raman mapping of 4-ABT on Ag/SiNW arrays; (b) Raman mapping of 4-ABT on 
AgFON; (c) the SERS spectrum of 4-ABT from the Ag/SiNW substrate; (d) the SERS 
spectrum of 4-ABT from the AgFON substrate; (e) the SERS spectrum of R6G from 
the Ag/SiNW substrate; (f) the SERS spectrum of R6G from the AgFON substrate 9. 
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2.2.4 Thermally annealed metallic nanoparticles and metallic films bombarded 
with argon ions             
         Annealing a metal thin film at a suitable temperature to form nanoparticles is a 
simple, reproducible, controllable, reliable, and low cost method to fabricate metallic 
nanoparticles at a large scale without the use of any lithography technology75-77. The 
thin film thickness, annealing temperature, and annealing time, the size and density of 
nanoparticles can all be controlled to a certain extent to tune the plasmonic resonance 
in far field75-77. The nanoparticles on a substrate can be easily combined into a metal-
insulator-metal (MIM) structure 2, 3, 78 for double enhancement 10.  Multilayers of metal 
nanoparticles with different sizes and density can constitute a hybrid nanostructure for 
SERS 11. Furthermore, besides the thermal annealing method, the bombardment of the 
surface of a metal by inert gas ions such as Ar ions can also fabricate metal 
nanoneedles or nanopillars 12, just like the bombardment of the silicon surface by SF6
- 
ions is able to fabricate silicon nanopillars 7, 38. This simple method could also be used 
to fabricate sharp and high density hotspots on SERS substrates 12.            
           Wang et al. 10 have developed a new hybrid structure for SERS through 
combining the thermal annealing technique and the MIM model. A schematic of this 
structure is shown in Fig. 2-9a. The thermally annealed Ag nanoparticles sit on the 
surface of a SiO2 spacer over an Ag mirror. The device was fabricated by evaporating 
a 5 nm Ti layer on the surface of a silicon substrate as an adhesion layer first, and then 
evaporating a silver layer with a thickness of 120 nm as a mirror. The SiO2 dielectric 
spacer with the thickness of 50 nm was sputtered on the surface of the silver mirror. 
The last silver layer was evaporated with a very low speed of 0.1 A/s to form silver 
nanoislands as thin as 6.5nm. Interestingly, the surface of the device appeared red (Fig. 
2-9c), because the minimum reflection was located at about 525 nm and the value of 
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reflection was below 10% within a wide range between 450 and 600 nm. In contrast, 
the reflection was high in the red and infrared ranges. In other words, light of most 
wavelengths falling on the surface of the substrate is getting absorbed by the silver 
nanoparticles, with the exception of red and infrared light. The absorption peak can be 
tuned by adjusting the thickness of SiO2 layer. Three different thicknesses of SiO2 
layers were sputtered as an interception layer, i.e. 30, 53 and 65nm, to investigate their 
influence on the reflection. The results indicate that the absorption peak blue-shift with 
the increase in the SiO2 thickness. Another device with only silver nanoparticles over 
indium tin oxide on a glass slide was fabricated as a reference. BZT was used as a 
probe molecule. The enhancement factor for the silver nanoparticles over SiO2 spacer 
on a silicon substrate reaches ~107, which is more than ten times higher than that of 
the reference substrate. Raman mapping over an area of 300 m  300 m reveals that 
the relative standard deviation is as low as 4%, suggesting that Raman intensity is quite 
uniform over the substrate. Further research 10 using R6G-d0 and R6G-d4 as probe 
molecules has confirmed that the new substrate can assist in detecting single molecules 
by surface-enhanced Raman scattering.  It may be suggested that the thickness of the 
SiO2 spacer can be reduced further to seek an even higher enhancement, since the 
coupling between the localized surface plasmon in the silver nanoparticles on top and 
the propagating plasmon in the silver mirror can enhance with a thinner interception 
layer. Thermal annealing method can also be introduced to vary the morphology of the 
surface of silver nanoparticles, which may lead to a change of the plasmonic resonance, 
the density and gap size of the hotspots.  
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Fig. 2-9 Evaporated Ag nanoparticles/SiO2/Ag mirror as a SERS substrate: (a) a 
schematic view of the substrate (b) the Raman spectra of R6G (0.2nM) on an Ag-
coated bare silicon substrate and on the Ag Nanoparticles/SiO2/Ag mirror substrate; 
(c) wafer scale fabrication; (d) the distribution of Ag nanoparticles on the silicon 
substrate 10.  
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           Jin et al. 11 have developed a method to fabricate a SERS substrate with double 
layers of silver nanoparticles. The first 10 nm Ag layer was deposited on the surface 
of silicon substrate, and annealed at 500 C for 10 min to form nanoparticles. Then, 
another 10 nm Ag thin film was deposited to cover the first one and annealed to form 
nanoparticles. The SEM images of the distribution of the silver nanoparticles are 
shown in Fig. 2-10 a-f, where Fig. 2-10a is the first 10 nm Ag layer without thermal 
annealing; Fig. 10b and c is the first Ag layer after thermal annealing; Fig.2-10 d, e 
and f represents the second layer of Ag nanoparticles sitting on the first layer of Ag 
nanoparticles. In all the conditions, the first layer was Ag nanoparticles, and then 
different secondary layers, such as Au nanoparticles, Ag nanoparticles and Al 
nanoparticles have been added in the model for estimation. According to calculation  
11,  the structure with Ag nanoparticles as the secondary layer got best hotspots, or, in 
other words, the largest local field in the gap. The comparison experiment of Raman 
microscopy with R6G as a probe molecule has been performed with three different 
SERS substrates: double Ag nanoparticles, Ag nanoparticles - Au nanoparticles, Ag 
nanoparticles - Al nanoparticles. The SERS substrates with double Ag nanoparticles 
shows its advantage in enhancement of Raman signature in the scattering measurement, 
matching well with the local field enhancement predicted from calculation. The 
advantage of the SERS substrate with double layer Ag nanoparticles was originating 
from the new nanogaps formed between the first Ag nanoparticles and the second Ag 
nanoparticles siting on silicon substrate, the extension of the nanogaps between the 
first layer Ag nanoparticles via the second one sitting on the surface of the first layer 
nanoparticles, and also the advantage of the physical properties of Ag over Au and Al, 
such as the large real part of dielectric function in the visible and infrared regions. The 
relevant Raman measurements are presented in ref. 11.  
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Fig.2-10 SEM images of the substrates with double layers of silver nanoparticles (a-f) 
and Ag nanoneedles (g,h): (a, b) single-layer Ag nanoparticles; (c, d) double layers of 
Ag nanoparticles; (e, f) cross sections of single layer Ag nanoparticles and double 
layers of Ag nanoparticles, respectively 11; (g) Ag nanoneedles formed by irradiation 
of a 500 nm thick film with Ar+ plasma at 45 deg; (h) the top view of the Ag nanoneedle 
array formed by irradiation of a 700 nm thick film  by Ar+ plasma perpendicularly to 
the substrate 12. 
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A combination of sputtered-annealed gold nanoparticles as hotspots and 
atomically thin BN thin film as substrates has been developed by Cai et al. 79. The BN 
substrate has an advantage in enhancing the Raman signature of R6G over bare 
SiO2/silicon wafer. In this case, the advantage of using a BN nanosheet as substrate 
might be from the difference of the dielectric property of BN, SiO2, and Si. Besides 
their application in SERS, the noble metal sputtered-annealed nanoparticles, also 
known as metal nano-islands, have applications in biotechnology, such as trapping 
cells with optical force and thermophoretic force 80. The sputtered-annealed 
nanoparticles have also been used to enhance the light emission from GaN LEDs 81. 
This structure is also widely used in organic solar cells to improve the harvesting of 
solar power  82, 83 and to control fluorescence in quantum dots 84.     
          The Ag nanoneedles fabricated by bombardment with Ar+ ions 85 are shown in 
Fig. 2-10g and h. Before the bombardment with Ar+ ions, the Ag thin film was 
deposited on a silicon substrate and then covered by a carbon film by sputtering. The 
carbon worked as a kind of template or mask in the Ar ion bombardment. The 
nanoneedles form first on the carbon layer during Ar+ irradiation, and the silver 
nanoneedles form after that using carbon nanoneedles as a template. Fig. 2-10g is the 
image of silver nanoneedles formed in the Ar ion flow with an incident angle of 45 
deg; Fig. 2-10h shows an image of silver nanoneedles formed by a perpendicular 
incident flow of Ar ions. By adjusting the intensity of Ar+ ion bombardment, the angle 
of incident Ar+ beam and power, the morphology of the nanoneedles can be controlled. 
The high-density hotspots and easy fabrication process make the substrates with Ag 
nanoneedles reliable, reproducible, and sensitive SERS substrates. Further research 
can be developed by depositing an atomically thin dielectric thin film on the surface 
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of the Ag nanoneedles, and then decorating the nanoneedles with sputtered-annealed 
Ag or Au nanoparticles, to achieve further improvements in Raman microscopy. 
2.3 Substrates with chemically synthesized Au or Ag colloids for SERS 
2.3.1 Nanodimers based on DNA origami self-assembly  
           The methods introduced above are all physical methods for the fabrication of 
plasmonic substrates; the following will introduce the chemical methods. With the 
resolution limit of the EBL technology, it is difficult to fabricate nanodimers with a 
gap smaller than 10 nm 1.  But for the structures fabricated by chemical synthesis 
methods, such as DNA origami self-assembly-based nanoantenna 13, 86 and shell-
isolated gold nanodimers 14, 87, a rather narrow gap between two nanoparticles can be 
possible, which could make the detection of single molecules with Raman microscopy 
possible.   
           The ssDNA-coated gold nanoparticle dimers on DNA origami platform have 
been produced by Thacker et al.13  via a self-assembly based DNA origami technique 
for surface-enhanced Raman scattering and plasmonic sensing. A gap as small as 3.3±1 
nm between two gold nanoparticles has been formed as a hotspot for enhancing electric 
field. The plasmonic sensor was quite sensitive to the variation of environment. The 
coating of ssDNA on a single gold nanoparticle red-shifted the plasmonic resonance 
6±1 nm from that of bare gold nanoparticles on a glass substrate. While the ssDNA-
coated gold nanoparticles were attached to a DNA origami, the plasmonic resonance 
red-shifted 26±1 nm from the bare gold nanoparticles on glass. Simulation work has 
found that it was the increase of the refractive index of the environment, or, in other 
words, the adding of ssDNA and DNA origami, that resulted in red shift of the 
scattering peaks. The dimers have been immobilized on a gold-coated silicon substrate 
for surface-enhanced Raman microscopy. A monolayer of R6G has been adsorbed on 
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the surface of the sample as probe molecules for the SERS measurement. The 
measurement result is shown in Fig. 2-11b. Without dimers, there is no Raman 
information observed. With gold dimers, several curves with different intensities have 
been observed. The difference comes from the orientation of the dimer. The 
longitudinal mode results in the largest enhancement, while the transverse mode results 
in the minimal enhancement, and the mode intermediate between longitudinal and 
transverse ones provides an intermediate enhancement. The dimers can also identify 
sequence-specific DNA via SERS. In Fig. 2-11d, a significant Raman shift of sequence 
one (pure thymine) was detected as 1000 cm-1, 1084 cm-1, and 1576 cm-1. When a 
solution of sequence one (20%) and sequence two (containing cytosine and adenine, 
80%) are combined together, a more significant Raman shift appears to 736 cm-1, 1260 
cm-1 and 1485 cm-1.     
Kuhler et al. 86 have pointed out that the Raman shift intensity is dependent on 
the laser polarization orientation. The gold dimers separated by DNA origami have 
been made by Kuhler et al. 86. The variation in the layer of DNA origami can control 
the distance between two gold nanoparticles, and a distance of 6 nm has been reached 
when the DNA origami three layers. SYBR green is used as a probe molecule. The 
1365 cm-1 shift of the molecule is dependent on the polarization angle strongly. When 
the laser polarization is parallel to the dimer, the Raman intensity reaches its maximum. 
When the laser polarization is perpendicular to the dimer, the Raman intensity reaches 
its minimum.  
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Fig. 2-11 SERS measurement on dimer structures: (a) a schematic of R6G probe 
molecule adsorbed onto an individual dimer structure plated on a gold-coated silicon 
wafer; (b) Raman spectra that relate to various dimer structures (an “off dimer” 
spectrum is also included); (c, d) the ssDNA coating of 19 bases of thymine (sequence 
1) on the nanoparticles produces spectra with peaks predominantly corresponding to 
the DNA backbone (1000cm-1) and thymine (1084 cm-1), indicated by the red dashed 
lines; ( d, e) the use of adenine and cytosine containing sequence 2 in an 80:20 ratio 
with sequence 1 shows significantly more peaks corresponding to adenine (736, 1260, 
1485cm-1) and cytosine (1260, 1485 cm-1), indicated by the blue dashed lines 13. 
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2.3.2 Shell-coated metallic nanoparticles         
           Wustholz et al. 14 have coated 2-(4-pyridyl)-2-cyano-1-(4-
ethynylphenyl)ethylene (PCEPE) on the surface of assembled gold nanoparticles and 
then encapsulated them with a SiO2 shell. The samples with multiple dimers, trimers 
have been characterized with TEM, dark-field optical microscopy, spectrometer, and 
Raman microscopy. Different shapes and arrangement of the nanodimers and 
nanotrimers have different enhancement factors during Raman microscopy. The 
related TEM images together with measured enhancement factors and extinction 
curves are shown in Fig. 2-12a-d.  Fig. 2-12e shows a schematic of an L shaped trimer 
encapsulated in a SiO2 shell with two junctions. Simulation has been also performed. 
The geometrical parameters used in the simulation are: the diameter of gold 
nanoparticle of 100 nm, the thickness of SiO2 shell of 50 nm, and the core-to-core 
distance between -0.5 nm to 2 nm. Fig.12f shows the scattering spectrum 
corresponding to the gap distance of 0.35nm and the calculated 
4
excE as a function of 
excitation wavelength. Simulation result shows that the extinction curve depends on 
the incident wave, and the enhancement of electric field in a 0.1 nm gap depends on 
the incident wave. The maximum field enhancement at 632.8 nm (Fig. 12g) can reach 
109 times.  
           Rather than encapsulating biology probes on the surface of gold nanoparticles 
with a SiO2 shell, researchers have also attached the biology probes to SiO2 shell-
coated gold nanoparticles for SERS. Li et al. 15, 53 have named the method using shell 
coated nanoparticles shell-isolated nanoparticle-enhanced Raman spectroscopy 
(SHINERS) and have considered it as a method to replace the tip-enhanced Raman 
scattering (TERS) (Fig.2-13c). Normally, the gold-coated AFM tips are used to 
amplify the local field, thus enhancing Raman scattering. However, the SINERS 
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method has the advantages in enhancing Raman scattering over TERS and has 
abundant applications in the inspection of food safety, detection of drugs, explosives, 
and environmental pollutants 15. Several different modes have been shown in Fig. 13a-
d. Bare gold nanoparticles sitting on a substrate (Fig. 2-13a), are considered as a 
contact mode, which is similar to the TERS method (Fig. 2-13c).  The gold 
nanoparticles coated with transition metal shell (Fig. 2-13b) are similar to the shell-
isolated gold nanoparticles on a substrate (Fig. 2-13d). The Fig. 2-13e-g shows the 
SEM pictures of the SiO2 or Al2O3 shell-isolated gold nanoparticles. The thinner the 
shell is, the more sensitive the Raman microscopy is. The H-Pt stretching mode (2023 
cm-1) of the Pt (111) substrate with adsorbed hydrogen is not easy to characterize in 
Raman microscopy because of a small Raman cross section. However, with gold 
nanoparticles isolated by a thin SiO2 shell (2 nm), it can be detected clearly. But if the 
gold nanoparticles isolated by a thin SiO2 shell are replaced with gold nanoparticles 
isolated by a thick SiO2 (20 nm) shell, the Raman shift would disappear for the low 
enhancement. That would come from the exponential decay of local field with the 
distance from the gold nanoparticles surface. In this case, the one with a thin SiO2 shell 
has higher local field than the one with a thick SiO2 shell, which would result in a 
higher enhancement for the SERS.  
          The method has been used to inspect living cells, such as yeast cells (Fig. 2-13h, 
i).  The Raman microscopy curve of the substrate only with SiO2-isolated gold particles 
but without yeast cells is shown as curve 4 in Fig. 2-13h. Without the SiO2 shell-
isolated gold nanoparticles, the Raman signature from yeast cells is rather weak (curve 
5), but with the help of SiO2 shell-isolated gold nanoparticles, the Raman signatures 
have been markedly enhanced (Fig. 2-13h). The technique shows its potential for in-
situ detection of living cells and proteins in biology. Another interesting application is 
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to inspect chemical contaminations on the surface of oranges for the assessment of 
food safety (Fig. 2-13j, k). Common Raman microscopy measurements (curve 1 and 
curve 2 in Fig. 2-13j), show no difference between the fresh oranges and parathion-
contaminated oranges. However, with the help of SiO2-isolated gold nanoparticles, not 
only the signatures of an orange (1155 cm-1, 1525 cm-1) are detected, but also the 
signatures from parathion (1108 cm-1, 1341 cm-1) can be seen clearly. Both cases are 
examples of promising applications of shell-isolated gold nanoparticles in Raman 
microscopy.   
           Furthermore, for the application in inspection of biological cells or molecules 
attached to a substrate, a number of approaches can be used in conjunction with SiO2-
isolated gold nanoparticles for high sensitivity inspection in various tests. For example, 
using a substrate coated with a gold thin film to replace standard substrates may be 
useful to enhance the Raman signature further. The coated nanoparticles can also be 
mixed with the probe molecules or spread on the surface of the object that needs to be 
analysed by Raman microscopy. Due to the flexibility of their use, the shell-isolated 
nanoparticles have some advantages over the more conventional nanostructure-based 
SERS substrates. The nanoparticles can also be introduced into liquids used in 
microfluidic chips for SERS measurements. A possible extension of this idea that can 
be recommended for future work is the fabrication of a metallic nanostructure in a 
micro pond of a microfluidic chip, and the use silica-coated nanoparticles in the second 
micropond. The solution for the measurement can be driven through the micro pond 
containing silica-coated gold nanoparticles first, and subsequently through the second 
micro pond where the metallic nanostructure for the Raman microscopy is located. 
Ultrasensitive measurements may be achieved because of the double enhancement.  
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Fig. 2-12 Dimers, trimers and their corresponding properties: (e-d) TEM images, 
enhancement factors, and Raman spectrum for each dimer or trimer; (e-g) Calculation 
results for an L-shape trimer, including (e) a schematic of the trimer (dAu=100nm, 
dshell= 50nm), (f) the scattering spectrum (black solid line) at dgap=-0.35nm and 
calculated 
4
excE  as a function of excitation wavelength, (g) the 
4
632.8nmE  distribution 
for the L-shaped nanoantenna (showing two hotspots) 14.  
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Fig. 2-13 Working principles of SERS substrates with shell-encapsulated gold 
nanoparticles SERS and their application: (a) bare gold nanoparticles; (b) Au core-
transition metal shell nanoparticles; (c) TERS; (d) SHINERS: shell-isolated mode; (e) 
SEM image of a monolayer of Au/SiO2 nanoparticles on an Au surface; (f) HRTEM 
images of Au/SiO2 core-shell nanoparticles; (g) HRTEM images of Au/SiO2 
nanoparticle and Au/Al2O3 nanoparticles with a shell (2nm); (h) SHINERS spectra 
with different substrates; (i) schematic view of the Raman spectroscopy of yeast with 
Au/SiO2 nanoparticles; (j) Raman spectra for clean pericarps (curve I), pericarps 
contaminated by parathion (curve II), contaminated orange modified by Au/SiO2 
(curve III), solid methyl parathion (curve IV); (k) schematic view of Raman 
microscopy experiment in (j) 15.  
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2.3.3 Noble metal nanoparticles with spikes  
          The development of chemical synthesis methods of gold and silver nanoparticles 
for enhancing the Raman-scattering in dye detection, started in 1980s, just a few years 
after the discovery of surface-enhanced Raman scattering 88, 89. Though it is difficult 
to texture the evaporated-annealed noble metal nanoparticles to get more sharp tips or 
hotspots for further enhancement of Raman signatures, different morphologies of 
metal nanoparticles, such as urchin-like gold or silver nanoparticles 16, 17 and star-like 
gold nanoparticles 90 are possible to be fabricated using controllable chemical 
synthesis. Highly sensitive Raman microscopy measurements can be achieved if these 
textured nanoparticles are either drop-casted as a single layer onto a substrate or mixed 
directly with the molecular or biological probes in the sample for Raman inspection. 
An example of the synthesis of urchin-like gold nanoparticles and their application in 
surface-enhanced Raman scattering is illustrated here. Other examples of various 
textured morphologies of metal nanoparticles can be found in references16, 17.   
            Fang et al. 16  have used the Lamer-Dinegar method to synthesize urchin-like 
gold nanoparticles. In this synthesis method hydrogen tetrachloroaurate, HAuCl4, is 
used as precursor, and an aqueous suspension of Fe particles is added into the HAuCl4 
solution to produce gold atoms. In the course of the reaction of HAuCl4 and Fe, gold 
nucleates when the concentration of gold atoms reaches saturation. After the 
supersaturation, the gold atom concentration starts to decrease until equilibrium is 
reached; meanwhile, the gold nucleation leads to the growth of large gold nanocrystals. 
These nanoparticles act as seeds for further growth. The secondary nucleation and 
growth happen after adding the aqueous suspension of Fe nanoparticles into the 
HAuCl4 solution containing gold seeds. Suitable adjustments of the amount of the 
suspension and the reaction time can control the surface morphology of gold 
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nanocrystals. The process of primary and secondary nucleation and growth of gold 
nanocrystals is shown in Fig. 2-14a, and, depending on the growth time and 
concentration, five zones can be highlighted in the time-concentration plot. The 
morphologies of the gold nanocrystals formed in each zone during the nucleation and 
growth are shown in Fig. 2-14b. The surfaces of the gold nanocrystals that grow in the 
primary nucleation event are smooth (zone I). The second injection of the suspension 
with Fe particles results in the secondary nucleation and growth of specific 
morphologies. A moderate amount of the suspension with Fe particles produces the 
gold nanocrystals shown in SEM images corresponding to zones II and IV. A larger 
amount of Fe suspension produces gold nanocrystals with more textured surfaces, as 
shown in the image corresponding to zone III. The extension of the injection time 
improves the surface texturing, as shown in the SEM image corresponding to zone V.  
A single layer of the gold urchin-like nanoparticles on a substrate is shown in Fig. 14e.  
Crystal violet has been used as a probe molecule in Raman microscopy for differently 
textured gold nanoparticles with the same size. Fig. 2-14d shows the Raman spectra 
obtained, and Fig. 2-14e-g show the Raman mapping for various samples. The 
enhancement of the Raman signature improves with the increase in the texturing of the 
surface of gold nanoparticles, which agrees well with the electromagnetic theory.                          
Galvanic replacement reaction 91 is another method that can fabricate metal 
nano-urchins. A schematic of this method to synthesize hollow Au-Ag nano-urchins 
is shown in Fig. 2-15a 17. Ag seeds are prepared by adding sodium citrate solution into 
silver nitrate solution with a suitable concentration first. In the subsequent galvanic 
replacement reaction the Ag seeds are added to a HAuCl4 solution, and a L-DOPA 
aqueous solution is added next. Ag and AuCl4- participate in galvanic replacement, 
and Ag+ dissolves into the solution. In the subsequent chemical process L-DOPA 
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controls the growth of gold nanoparticles as a critical reagent. Au-Ag tips grow on the 
Ag seeds to form nano-urchins. The nanoparticles at each reaction step are shown in 
Fig. 2-15b together with the schematic of the synthesis process. The hollow Au-Ag 
nanoparticles after the synthesis is shown in Fig. 2-15c, and the high-magnification 
TEM images are shown in Fig. 2-15d and e.  The Au-Ag tips can be seen clearly. The 
hollow Au-Ag nano-urchins have important advantages when applied in SERS. First, 
there is a high density of sharp Au-Ag tips on the Ag nanospheres, and these tips can 
be seen as hotspots to produce a high intensity local field under an incident wave. It 
has been suggested that there are more than 100 sharp Au-Ag tips on the surface of an 
Ag nanosphere with a diameter of sub 100 nm, and more than 1500 hotspots are 
produced per square micron, leading to a calculated enhancement factor as high as 108.  
Second, there is Ag present on the tips (not only Au), which has a larger dielectric 
function over a wide wavelength range from visible to infrared. This is helpful for the 
enhancement of local field.  Furthermore, the plasmonic resonance of hollow Au-Ag 
nano-urchins can be tuned over a wide range via controlling the size of nanostructures 
(plasmonic resonance red-shifts with the increase in their diameter). Accordingly, it 
can be adjusted to match the laser wave to achieve an optimized maximum 
enhancement.                
             Two different probe molecules, crystal violet and bis (2-ethylhexyl) phthalate 
(DEHP), have been used to evaluate hollow Au-Ag nano-urchins in Raman scattering 
by Liu et al. 17. The hollow Au-Ag nano-urchins have been spread on a silicon substrate 
as a single layer (Fig. 2-15f and g). An array of multiple points over a large area has 
been selected to be tested by Raman microscopy for the verification of the uniformity 
and reproducibility. Measurement results show that crystal violet with a concentration 
as low as 1×10-7 M and 1×10-8 M can be recognized in Raman microscopy with a 
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standard deviation of 7.8 % and 9.7 %, respectively. Furthermore, the standard 
deviation of Raman intensity is dependent on the size of the hollow Au-Ag nano-
urchins. The smaller the size of the hollow Au-Ag nano-urchins is, the more uniform 
and reproducible the Raman scattering measurement is. In other words, the standard 
deviation of Raman intensity over a certain area decreases with the decrease in the size 
of hollow Au-Ag nano-urchins (Fig. 2-15f). Different concentrations of DEHP, such 
as 1×10-13 M, 1×10-14 M, and 1×10-15 M, have been tested by Raman microscopy (Fig. 
2-15g). A really low concentration of 1×10-15 M can be detected in the measurement, 
which suggests that the hollow Au-Ag nano-urchins enable a high sensitivity in Raman 
microscopy.   
           As a recommendation for further development, a microfluidic chip can be 
purpose-designed for Raman microscopy or as a platform for biosensing. The urchin-
like metal nanoparticles can be injected into a micropond of the microfluidic chip 
together with target molecules or buried in the micropond directly. The micropond has 
an advantage of defining an exact small volume for target probe molecules. 
Furthermore, it is easy to control the concentration of molecules via mixing with de-
ionized water contained in another micropond or via mixing multiple molecules 
together for measurement. To sum up, it is possible to combine the advantages of a 
microfluidic chip and plasmonics together as a controllable platform to study the 
mechanisms of SERS and for expanding the boundaries in single molecule detection.    
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Fig. 2-14 Fabrication of urchin-like Au nanoparticles and single layer urchin-like Au 
nanoparticles on a Si substrate; (a) a schematic plot of a gold atom concentration versus 
time illustrating the growth of mesoparticles, including the generation of atoms, 
nucleation, subsequent growth, secondary nucleation, and mesoscopic aggregation; (b) 
SEM of the nanoparticles at different synthesis conditions; (c) SEM image of a 
monolayer urchin-like nanoparticles self-assembled on a silicon wafer; (d) Raman 
spectrum of crystal violet adsorbed on self-assembled urchin-like gold nanoparticles 
with different surface textures: P1 (blue), T1 (green), T2 (red). (e,f,g) Raman mapping 
of crystal violet adsorbed on different urchin-like gold nanoparticles P1, T1, T2 for a 
wavelength of 1172 cm-1  16.      
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Fig. 2-15 Hollow Au-Ag alloy nano-urchins (HAAA-NU) and the SERS 
characterization: (a) a schematic of HAAA-NU particle growth; (b) TEM images of a 
silver seed and a HAAA-NU correlated with the stages of structural evolution in the 
schematic; (c) SEM of HAAA-NUs; (d, e) TEM of HAAA-NUs; (f) particle size 
dependent Raman intensity deviation of the HAAA-NU SERS substrate for crystal 
violet (1 × 10-7 M, 1 × 10-8 M); (g) Raman spectra for the DEHP concentrations of 1 
× 10-13 M, 1 × 10-14 M, 1 × 10-15 M on the HAAA-NU SERS substrate 17. 
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2.4 Applications of surface-enhanced Raman scattering                           
          As a powerful analytical tool for molecular analysis, surface-enhanced Raman 
scattering leads to broad practical applications in different areas, for example, 
identification of colorants in paints and glaze 92-94, food safety detection 95, 96, 
biomedicine 97-100, environmental detection 101, detection of explosives 102, and 
forensic science 103. Both solid-state SERS substrates and the substrates with 
chemically synthesized Au or Ag colloids have been used in these areas and have 
showed advantages over conventional tests in terms of high sensitivity, low 
requirement for the amount of sample required and low cost. The commercialisation 
of the SERS substrates, Au or Ag colloids and the development of portable handheld 
Raman instruments make the method of SERS much easier for various practical 
applications.  
2.4.1 Identification of colorants in paints and glaze 
          Dyes have been used as organic colorants in fibres, textiles, and paints for 
millennia, and ancient dyes such as alizarin, purpurin, carminic acid, laccaic acids, and 
kermesic, have been found in historic artworks and archaeological items 92, 104. 
Compared with the high set-up and running cost of conventional technology such as 
high performance liquid chromatography (HPLC) and thin layer chromatography 
(TLC) 93, the high sensitivity surface-enhanced Raman microscopy, which can detect 
a small colorant particle with a diameter of a few microns in the paint, has been realized 
as a promising analytical tool that only needs very little sample and does not cause any 
harm to the artworks during the test. Both solid plasmonic substrates and gold or silver 
colloid liquids can be used in the Raman microscopy for locating the target colorants 
in an artwork, enabling the flexible treatment and measurement of samples 92. Christa 
et al. 94 have used the SERS technique in art conservation area to detect particles 
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containing lake pigments in a famous American watercolour artwork “For to be a 
farmer’s boy” (created by Winslow Homer in 1887). The degree of fading of the 
artwork has been measured using surface enhanced Raman microscopy and the paint 
has been rebuilt as a digital rendering after identifying the colorants in it by SERS 94.  
Leona et al. 105 have used surface-enhanced Raman microscopy to identify the natural 
and man-made colorants in a famous Japanese artwork “A poem about the battle of 
Sekigahara” (created by Toyoharu Kunichka in 1892) non-destructively. A minimal 
amount of the target sample has been extracted from the paint in advance and covered 
by a drop of a silver colloid on a glass slide for the test under the Raman microscope. 
The crystal violet and alizarin in the paint have been identified via comparing with 
reference solutions. The practical application of the surface-enhanced Raman 
scattering in artworks is very interesting, and a series of famous historic artworks, 
including “The hunt of the unicorn” (South Netherlands, ca. 1495-1505), and 
“Aristotle with a bust of Homer” (1653), have been tested. More information about 
this application of SERS is in specialized reviews on using surface-enhanced Raman 
scattering in art and archaeology92, 93.  
2.4.2 Food safety  
             Food safety, an area important for an everyday person, is an important 
practical application of surface-enhanced Raman scattering as well. Pesticides such as 
acephate, azinphos-methyl, carbaryl, chlorpyrifos, deltamethrin, malathion are 
commonly used in agricultural production, and their monitoring is crucial for 
environmental protection and human health 96, 106, 107. As a high sensitivity, non-
destructive, reproducible and portable method with easy sample preparation and fast 
detection, surface-enhanced Raman scattering has an advantage in detection of 
pesticides compared with conventional detection methods. The pathogenic 
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microorganisms, including bacteria, spores, and viruses, as well as food 
contaminations, such as antibiotics, drugs, hormones and melamine, can be monitored 
and kept under control with the assistance of surface-enhanced Raman scattering 108, 
109. Both solid nanometallic plasmonic substrates and substrates with Au or Ag colloids 
have been used in food safety monitoring. Solid SERS substrates such as Klarite 
(Renishaw Diagnostics, Glasgow, UK) and Q-SERS (Nanova, Columbia, MO, USA), 
fabricated by electron beam lithography, have been commercialized and have showed 
high sensitivity for the detection for food contamination 110, 111. According to Zhao et 
al. 112, SERS substrates with Ag nanoparticles can be used to detect melamine and 
malachite green with concentrations as low as 6×10-7 g/L and 8×10-8 g/L, respectively. 
Mungroo et al. 107 have introduced the Ag nanoparticles to a microfluidic chip as a 
point-of-care platform for the detection of food borne pathogens, and have claimed an 
ability to distinguish eight different kinds of key food borne pathogens, suggesting an 
effective method for the application in food industry. More information about the 
applications of surface-enhanced Raman scattering technique in food safety can be 
found in specialized references 96, 108, 109.  
2.4.3 Biomedicine and diagnostics 
          Surface-enhanced Raman scattering is used in biomedicine and diagnostics, 
such as biomolecular detection, detection of cancer cells, immunoprotein and bacteria 
medical imaging and pharmaceutical research, as an effective detection tool due to its 
advantage over conventional detection methods 113. Both the substrates with gold or 
silver colloids and solid SERS substrates are used 114, 115. Powell et al. 114 have 
developed a novel hybrid substrate by taking advantage of both the electromagnetic 
enhancement and charge transfer enhancement for the detection of biomarker 
molecules. The hybrid nanostructure consists of gold nanospheres produced by 
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chemical synthesis and an amorphous or crystalline silicon nanoweb. The presence of 
gold nanoparticles underpins plasmonic enhancement. If the conduction band and 
valence band of the semiconductor silicon can be comparable with the lowest 
unoccupied molecular orbital and highest occupied molecular orbital of a molecule to 
be detected, the charge transfer between the semiconductor and molecule under the 
illuminating light occurs, and Raman scattering can be enhanced 114. Akin et al. 115 
have introduced the bio-inspired polydopamine coating and electroless plating to a 
substrate with silicon nanowires fabricated by metal catalytic etching for the detection 
of methylene blue. The process parameters for the bio-inspired polydopamine coating 
have been investigated in detail to optimize the enhancement effect in Raman 
microscopy. Garrett et al. 98 have used the gold-coated butterfly wings as the plasmonic 
substrates for the detection of malaria parasite. Compared with the typical cost of the 
artificial SERS substrates, the nanostructures on the surface of the butterfly wings have 
reduced the total fabrication cost.  
2.4.4 Environmental monitoring  
In the environmental applications, the surface-enhanced Raman scattering can 
be used in the detection of water pollution and the monitoring of the environment. Hao 
et al. 101 have analysed the application of SERS in detection of arsenic species in water. 
Because it is one of the most toxic inorganic materials found in the environment, the 
development of efficient methods to detect arsenic is crucial. The arsenic species have 
a characteristic peak in the range of 780-812 cm-1 originating from a symmetric As-O 
stretch and a wide peak around 420 cm-1, which can be used to identify the material. 
Ma et al. 116 have used the SERS substrates with cysteamine-modified gold 
nanoparticles to monitor the pentachlorophenol (PCP) in water and have detected PCP 
with a concentration as low as 1 nM, much lower than the maximum contaminant 
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concentration allowed by US Environmental Protection Agency (EPA). Jamil et al. 117 
have developed a hybrid structure that combines a layer of gold nanostructures and a 
flat gold platform which can identify 100 fM trinitrotoluene (TNT) in soil. Inversely, 
one can realize the detection of contaminating nanoparticles by using surface-
enhanced Raman spectroscopy effects. For example, Guo et al. 118 have used certain 
kinds of molecules as indicators to detect the possible release of silver nanoparticles 
in environment. These authors have pointed out that ferbam is an effective indicator 
for the detection of Ag nanoparticles in concentrations as low as 0.1 mg/L in water.  
2.4.5 Detection of explosives and chemical warfare agents 
            As a widely used ultrasensitive detection method, the surface-enhanced Raman 
scattering has been used to detect explosives and chemical warfare agents, such as 
ammonium nitrate, 5-amino-3-nitro-1H-1,2,4-triazole  (ANTA), 2,4-dinitroanisole 
(DNAN), 2,4-dinitrotoluene (DNT), hexamethylene triperoxide diamine (HMTD), 
methylene dinitritramine (MNA), 3-nitro-1,2,4-triazol-5-one (NTO), pentaerythritol 
tetranitrate (PETN), 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), triacetone 
triperoxide (TATP), TNT, and 1,1-diamino-2,2-dinitroethene (FOX-7) 102, 119. The 
surface-enhanced Raman scattering has been originally used in the detection of TNT 
in 1995 120. It has been considered as a method that suits TNT detection well, and an 
ultralow concentration of 1×10-15 M can be detected under the Raman microscope 119. 
For other explosives, such as RDX, PETN, octogen (HMX), DNAN, 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW), and NTO, a high sensitivity to 
low concentrations in the range between 1×10-6 M to 1×10-9 M can be reached. For 
practical application of SERS technique in the anti-terrorist and anti-warfare detection, 
the portability of test is critical and important. Thus, this practical requirement has led 
to commercialization of portable Raman spectrometers. Some common ones include 
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Thermo Scientific First Defender RM, ICx Fido Verdict, DeltaNu ReporteR, Ocean 
optics PinPointer, and Real-Time Analyser portable SERS analyser 102. For improving 
the sensitivity, various kinds of plasmonic substrates including ones with Au or Ag 
colloids and hybrid metallic nanostructures are used in the test, and even integrated 
with microfluidic chips 102. More information about the properties of different 
explosives and the related test methodologies can be found in reference 119. An 
overview  of suitable handheld Raman spectrometers and SERS substrates is contained 
in 102.  The wide applications of surface-enhanced Raman scattering in detection of 
pen inks, printer inks and toners, fibres, paint, explosives, vapours, liquids, drugs, 
biological materials, body fluids, DNA, finger marks, chemical warfare agents, and 
fire accelerants also allow this technique to be used in forensic science with the 
assistance of portable Raman spectrometers 103.                            
2.5 Discussion 
           In order to evaluate the effectiveness of SERS characterization, a suitable 
parameter, the enhancement factor 121, needs to be defined. Two definitions are 
commonly used, one derived from theoretical considerations and one obtained from a 
practical experiment. In the theoretical analysis, the enhancement factor is determined 
from a combination of the incident field of laser wave, the emission of Raman radiation, 
the amplified local field of laser wave, and the amplified local field of the Raman 
radiation 121. In other words, it is possible to calculate the enhancement factor on the 
basis of electromagnetic theory from the values of the four fields used in the equation 
(2). However, it is not easy in practice to measure the value of the field of the incident 
light or emission experimentally, which complicates the practical use of equation (2). 
As a consequence, an enhancement factor defined in such a way on the basis of the 
electromagnetic theory is commonly used for the theoretical estimation in the course 
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of designing the SERS substrates, or for the theoretical explanation of the Raman 
curves obtained from practical measurements. However, it may be not applicable in 
other situations. According to the analysis by Le Ru et al. 32, 122, other practical 
definitions of the enhancement factor may be used; examples include the enhancement 
factor describing single molecule detection, the enhancement factor for the Raman 
signal originating from a point of SERS substrates, and the enhancement factor used 
in the field of analytical chemistry. One commonly used definition for the Raman 
signal from the point of a SERS substrate is introduced by comparing with a reference 
substrate with no plasmonic nanostructures fabricated on it. If the number of molecules 
attached to the substrate within the laser spot area can be counted, the Raman intensity 
contributed by a single molecule can be calculated from the measured intensity of a 
certain Raman signature. Accordingly, it is common in practice to use the ratio 
between the Raman intensity of a single molecule on a plasmonic substrate and the 
Raman intensity of a single molecule on a reference substrate as the enhancement 
factor 122 123, which can be expressed as 
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where SERSI and RSI  are the Raman intensities of a certain Raman signature for the 
SERS substrate and the reference substrate,  VolN  is the average number of molecules 
in the scattering volume on the reference substrate, and SurfN  is the average number 
of the molecules adsorbed in the scattering volume on the SERS substrate.  
             According to Fang et al. 51, a disadvantage of the latter practical method is that 
only a few hottest points on the substrate have huge contribution to the enhancement 
while most cold points have little contribution, and a huge difference between different 
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points on the substrate exists. Another possible disadvantage is that it needs to assume 
there is only a monolayer of the target molecules assembled on the substrate and the 
density of the molecules in this monolayer depends on the concentration of the solution; 
as a result, it may be difficult in some cases to estimate a real number of the molecules 
in the area illuminated by the laser. In addition, different sample preparation methods 
may affect the value of the enhancement factor. Furtherly, the power of the laser 
excitation, the integration time of the detector, and the wavelength of the laser 
excitation are other factors that influence the value of the Raman intensity during test. 
For an accurate evaluation, all these factors must be considered.  As a result, some 
level of controversy exists in how the enhancement factor should be correctly defined. 
A more direct way is to use the lowest concentration of the molecule which can be 
recognized by the test as the parameter to evaluate the sensitivity of Raman 
microscopy. Alternatively, statistical methods suitable for the analysis of a large 
number of similar SERS substrates can be introduced. Raman mapping of a small area 
on the sample can also give a more reliable evaluation of the enhancement from the 
plasmonic substrate.  
           Generally, the substrates for SERS can be categorized into two kinds: ones with 
noble metallic nanostructures fabricated on a substrate directly 3, 7, 10, 28, 38, 56 and the 
substrate where gold, silver, or core-shell gold-silver colloids are obtained via 
chemical synthesis and introduced onto the surface 15, 16, 124-126. Based on the discussion 
in this review, there are a number of key points to consider in the fabrication of both 
sorts of plasmonic substrates. Firstly, the most important task is to produce  high-
density hotspots on the substrate, either through physical or chemical methods. The 
hotspots are always located at the nanogaps between pairs of nanoparticles or the sharp 
metallic protrusions on the surface. The examples are a subnanometer nanogap 
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produced by Zhu et al. 1, the sharp gold tips on the surface of gold nanoparticles 
synthesized by  Fang et al. 16 and  Liu et al.  17. The hollow Au-Ag urchin-like 
nanoparticles by Liu et al. 17 have shown an ultrahigh sensitivity in Raman microscopy 
to enable the detection of an ultralow concentration such as 1×10-15 M/l of probe 
molecules.  The size of the nanoparticles and their arrangement are also critical for 
enhancing Raman signatures, since these parameters influence the extinction spectra 
112, 127, 128. Bell and McCornt 128 have realized that there are optimized diameters (46 
and 52 nm) for the aggregated Au colloids to ensure the largest enhancement of the 
signatures of thiophenol. Furthermore, according to Santos et al. 127, the plasmonic 
resonance property induced by the nanoparticles of different sizes and arrangements 
results in differences in the enhancement of specific signatures (anti-Stokes and Stokes 
scattering) of the Raman spectra of crystal violet. Secondly, based on the results 
obtained from the MIM structure, if the high density nanoparticles can be put on the 
surface of a thin metallic film with an ultrathin insulator interception layer, it may lead 
to double enhancement  from both the localized plasmons and the propagating 
plasmons 54. The thinner the interception layer is 54,  or the closer the nanoparticles to 
the metallic thin film are 129, the higher the enhancement is 54.   The SiO2 
10, 54   or 
Al2O3 
130 oxide layers have been used as the interception layers in most cases. Special 
thin film deposition methods such as atomic layer deposition 130 can deposit really thin 
oxide layers, which can improve the coupling between the localized propagating 
plasmons to a large extent. Thirdly, according to Willets et al. 30, the resonance peak 
of the plasmonic substrate also has a huge influence on the enhancement ability. In 
order to reach a high enhancement factor, it is recommended that the resonance peak 
of the plasmonic substrate is in the range between the laser wavelength and the 
wavelength of Raman emission. Fourthly, the silver seems to show a better 
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performance in enhancing Raman microscopy, according to Greenneltch 4, since the 
real part of the dielectric function and the quality factor of metal Ag is much larger 
than that of metal Au in a wide range of wavelengths between 400 to 1000 nm. In 
practice, the silver oxidises easily, and it can be more reliable to use it in a combination 
with gold. Liu 17 has demonstrated that chemically synthesized hollow Au-Ag urchin-
like nanoparticles show a great advantage in the detection of molecules with ultralow 
concentrations by Raman microscopy. It is also critical to select the target molecules 
for detection; for instance, molecules such as R6G, crystal violet, and malachite green 
with more symmetric molecular structures are easier to be seen by Raman microscopy, 
while the molecules with polarizable bonds, such as water (-OH), are nearly invisible 
for Raman microscopy 96, 108, 131. The affinity of the molecule to a plasmonic substrate 
relates to whether the molecule can adsorb to the substrate efficiently,  and therefore 
influences the detection in Raman microscopy 96. The hydrophobic molecules such as 
polycyclic aromatic hydrocarbons (PAHs) with difficulty to adsorb onto gold or silver 
nanoparticles, decrease the sensitivity in Raman microscopy, and special treatments 
are needed to improve the adsorption before tests 132. 
           As a review that has been done more than one year before, some latest advances 
in this field may be not covered. For more information on Surface enhanced Raman 
scattering and its applications, some latest review articles published in 2017 are 
recommended. 133-148  
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Chapter 3 
Optimized Surface enhanced Raman scattering via thermal 
annealing of sputtered Au thin film on silicon substrate 
3.1 Introduction  
          Surface enhanced Raman scattering (SERS) attracts much attention in research 
and is used widely in different practical areas, such as biosensing, 5, 149 heritage 
identification,  92-94 food safety, 108, 109 forensic science, 103 biomedicine and diagnosis, 
13 and environmental monitoring. 101, 116, 117 Different types of Au ( or Ag) 
nanoparticles or colloids, either fabricated by physical methods, 10, 11, 79or by chemical 
synthesis,14, 16, 88, 124 have been used to enhcance the Raman scattering through 
plasmonics effect. 28, 30, 150  
         The junctions between nanoparticles, the area close to sharp edges, normally 
named as “hotspots”, produce highly localized surface plasmon resonance while the 
laser excitation is incident on their surface. 30, 150-152 It leads to enhancement of the 
electric field close to hotspots, which enhances the Raman scattering siganificantly 
and improves the sensitivity in detection of molecules. 151 Currently, a lot of work 
focused on the chemical synthesized Au or Ag colloids as the hotpots for enhancing 
the Raman scattering. These  involve complex chemical processes with aqueous 
chemicals, such as hydrogen tetrachloroaurate trihydrate (HAuCl4), trisodium citrate 
(C6H5Na3O7), hydroxylamine hydrochloride (HNO3*HCl), silver nitrate (AgNO3), and 
sodium hydroxide (NaOH). 112, 117, 153, 154 Jie Huang et al 153 combined the size-
controllable gold nanoparticles synthesized by HAuCl4 together with graphene oxide, 
and used it as the SERS substrate for detection of 2-MPy molecule. The work figured 
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out the advantage of using graphene oxide together with Au nanoparticles over pure 
gold nanoparticles during detection, but did not studied the influence of the size of the 
gold nanoparticles. 153 Seongmin Hong et al 154 studied how the size of chemical 
synthesized gold nanoparticles by HAuCl4 influenced the detection of 4-ATP and 4-
NTP molecules via SERS, and determined an optimized average diameter to be around 
50 nm. Ying Zhao et al 112 used starch-coated silver nanoparticles by chemical 
sysnthesis as substrates for detection of melamine and malachite, and optimized the 
Raman intensity through the concentration of starch. Metal thin film deposition 
followed by thermal process to produce the nanoparticles, is a simple cost effective 
method for creating SERS substrates. It does not require expensive facility like 
Electrons Beam Lithography to transfer the pattern, 1, 2 nor complex chemical 
processes to synthesize the nanoparticles. Work on this method has examined different 
substrates for depositing the gold nanoparticles, 10, 79 such as BN nanosheet on silicon 
substrate, 79 and the SiO2 and gold thin film coated silicon substrate. 
10 Other work 
focused on multilayers of silver nanoparticles, and figured out the advantage of using 
multilayers of silver nanoparticles in detection of molecules via SERS. 11  
           In this chapter, a simple method is presented that it only needs sputtering and 
thermal annealing to produce the gold nanoparticles. A gold thin film with a thickness 
of 9 nm is sputtered on a silicon substrate, and the gold nanoparticles were produced 
from the gold thin film via thermal annealing. Controlling of the temperature and the 
anneal time, modifed the average size and the density of the gold nanoparticles 
distributed on the silicon substrates. The anneal temperature was held at 500 ̊ C and 
the anneal time varied in every running of the thermal process in a furnace with 
nitrogen flow. The work presented that the optimized detection of target molecules in 
Raman microscopy can be approached through tuning of the size and density of the 
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gold nanoparticles via thermal annealing. The using of a silicon substrate instead of a 
glass slide for sputtering gold thin film and producing gold nanoparticles, has provided 
another advantage of using the silicon signature (939-980 cm-1)  as a ruler for 
evaluation of the enhanced signatures from target molecules.  
3.2 Experimental 
3.2.1 Samples preparation  
          Five pieces of silicon squares with a size about 1cm*1cm were cut from a 4 inch 
silicon wafer with a diamond blade manually. Before any process of the experiment, 
the silicon samples were cleaned with acetone. The samples were placed in boiling 
acetone in a glass beaker on a hot plate for 10 mins. The process was repeated for 3 
times after replacing of the acetone. After the cleaning, the samples were rinsed in 
ethanol and deionized water, and then dried in an oven at 90 ̊ C for about 10min. One 
piece of the silicon samples was used as a bare silicon substrate reference sample, 
which would not be processed with sputtering and annealing. The other four silicon 
samples were coated the same gold thin film at one run in the sputter, and annealed in 
the furnace for different times.  
3.2.2 Fabrication of Au nanoparticles 
          Four pieces  of the silicon samples were installed in the sputter system. The 
sputter current was set as 60 mA, the pressure in the chamber was 9e-3 mbar, and the 
distance between the Au target and the sample stage was 50 mm. All the samples have 
been deposited a 9 nm thick Au thin film on the surface. After the sputtering, the four 
samples were annealed in a tube furnace with flow of nitrogen for driving out the air. 
The anneal temperature was set as 500 ̊ C, and the anneal duration time for each sample 
was 10 min, 20 min, 30 min, and 40 min, in which the samples processed with different 
anneal duration time were symbolized as A1, A2, A3, and A4 respectively.  
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3.2.3 Measurement  
         The R6G with a concentration of 1e-6M was made from R6G powder and de-
ionized water with an electronic balance and measuring flask. Before the Raman 
microscopy, all  the four samples were storaged in a vacuum cabinet for one whole 
night, and were taken the SEM images on the next day. Sequentially, the four samples 
A1, A2, A3, and A4  together with a reference bare silicon sample were immersed in 
R6G with a concentration as 1e-6M in a beaker for 12 hours, and then dried in an oven 
at 90 ̊ C for dehydration. The R6G was assumed to attached to the surface of each 
sample.   
         The four samples together with the reference bare silicon sample, were put on a 
glass slide in sequence and installed on the stage of a Rainishaw Raman microscopy 
system. Before the test, the Rainishaw Raman Microscopy was calibrated by 
measuring a standard silicon substrate to make sure it had enough gain. The laser 
excitation was selected as 514nm, an objective with a magnification of 50X was used 
in the test. The laser power used for the samples A1, A2, A3, and A4 was 2.5 mW, 
while for the reference silicon sample, it was 5 mW. Different exposure times as 1s, 
3s, 5s, and 10s, were used for each sample during the test.    
3.3 Results and discussion 
3.3.1 Distribution of the gold nanoparticles on silicon substrates  
         The SEM images of samples A1, A2, A3, and A4 are shown in Fig.3-1 and the 
distribution of diameter and height of the gold nanoparticles for samples A2, A3, and 
A4 are presented in Fig. 3-2. For simplification of the statistic analysis, the gold 
nanoparticles were assumed to be nano disks with a diameter which could be 
calculated from the area of the nanoparticle and a height could be recognized from the 
color or RGB in the image. The SEM images were processed with a software ImageJ 
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for image processing, which could extract out the size of each nanoparticle based on 
the scale bar in the image and count the number  of the nanoparticles through particles 
analysis. Then, the distribution of the diameter and height of the gold nanoparticles 
was analysed with MATLAB based on statistics. The mean variance deviation ( ) of 
the diameter of the nanoparticles was calculated by155,  
                                                         2
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Where iD  was the diameter for each nanoparticle, aveD was the average diameter of 
the gold nanoparticles, and N was the number of the gold nanoparticles in the statistic 
area. The Gaussian distribution of the diameter of the gold nanoparticles was given 
by155, 
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Where  was the average value of the statistic samples (here the diameter of the gold 
nanoparticles), x  was the value of each statistic sample (here the diameter of the gold 
nanoparticles).  
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Fig.3-1 SEM images of samples at different thermal anealing condictions (a) sample 
A1, annealed at 500 ̊ C for 10 min (b) sample A2, annealed at 500 ̊ C for 20 min (c)~(e) 
sample A3, annealed at 500 ̊ C for 30min (f)~(h) sample A4, annealed at 500 ̊ C  for 
40 min. 
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Fig. 3-2 Diameter and height distribution of Au nanoparticles on the silicon substrates 
for each sample (a) ~(c) Diameter distribution of the Au nanoparticles for sample A2, 
A3, and A4 respectively. (d)~(f) Height distribution of the Au nanoparticles for sample 
A2, A3, and A4 respectively.   
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           In Fig.3-1 (a) , we could see that the Au thin film is still remained on the surface 
of the sample, except for a hole with a diameter of about 1um. The grains of the gold 
thin film can also be discerned. The duration time as 10 min at 500 ̊ C, namely the heat 
absorbed by the gold thin film, was not enough to produce gold nanoparticles, and only 
some part of the gold thin film was cracked. Interestingly, a single Au nanoparticle 
was seen in the hole in Fig.3-1 (a). With the increasing of the anneal duration time to 
20 min at 500  ̊C for sample A2, the heat was enough to produce gold nanoparticles 
from the gold thin film. An SEM image of the surface of sample A2 was shown in Fig. 
3-1 (b).  Because forming of the gold nanoparticles is a self-assembly process, 156 the 
shape of the nanoparticle was quite different from each other in Fig. 3-1 (b). Some 
appeared to be nano spheres, some in the shape of an ellipse, and even some in the 
shape of a dumbbell. The distribution of the diameter and height of the gold 
nanoparticles of sample A2 is shown in Fig. 3-2 (a) and Fig. 3-2 (d). The average 
diameter and average height of the gold nanoparticles were 319 nm and 354 nm 
respectively. The density of the gold nanoparticles was 1.3 um-2 with a statistic area as 
93.457 um2. With the anneal duration time extended to 30 min at 500 ̊ C for sample 
A3, the density of the gold nanoparticles increased, and the size of the gold 
nanoparticles dropped. The surface of sample A3 is presented in Fig. 1 (c), (d), and (e) 
with different scale bars as 1um, 300nm, and 100nm respectively. It is obvious that the 
density of the gold nanoparticles on sample A3 is much higher than that in sample A2 
through comparation of Fig. 3-1 (b) and Fig. 3-1 (c). More details about sample A3 
are appeared when Fig.3-1 (c) is zoomed out to Fig. 3-1 (d) and Fig. 3-1 (e). The 
statistic result in Fig. 3-2 (b) and Fig.3-2 (e) present the frequency (number) of gold 
nanoparticles with different diameters and heights. The average diameter and average 
height of the gold nanoparticles in sample A3 are 89 nm and 88 nm respectively. The 
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statistic density of the gold nanoparticles in sample A3 was 50.7 um-2  measured over 
an area of 16.558 um2.  With further increasing of the anneal duration time to 40 min 
at 500 ̊ C for sample A4, the density of the gold nanoparticles became further higher, 
and the size of the gold nanoparticles became even smaller. The SEM image of sample 
A4 was presented in Fig. 3-1 (f) with a scale as 1um, and the zoomed images were 
presented in  Fig. 3-1 (g) with a scale bar as 300 nm, and Fig.3-1 (h) with a scale bar 
as 100 nm. The statistic distribution of the diameter and height of the gold 
nanoparticles was presented in Fig. 3-2 (c) and Fig.3-2 (f). Both the average diameter 
and average height of the gold nanoparticles in sample A4 is 28nm, which is much 
smaller than those of sample A2 and sample A3. The density of the gold nanoparticles 
increased to 532.1 um-2 measured over an area of 5.743 um2 . Something needed to 
mention is that the mean standard deviation (MSD) for the diameters (heights) of 
sample A2, sample A3, and sample A4 is continueously decreased with extention of 
the anneal duration time. The values are 74.4, 32.6, and 9.9 respectively. The situation 
for the statistics of  the height of each sample is the same, in which with the MSD 
value as 141.6, 39, and 13.4 respectively. The distribution of gold nanoparticles 
became more uniform with the extention of the anneal duration time.  
3.3.2 Raman microscopy of R6G  
         The Raman microscopy of R6G with a concentration as 1e-6M was performed 
for samples A1, A2, A3, A4, and the reference silicon substrate. The laser excitation 
was 514 nm. In Fig. 3, the laser power was set as 2.5 mW for samples A1, A2, A3, and 
A4, and was set as 5 mW for the reference silicon substrate. The exposure time for all 
the 5 samples was 5s. We can observe that the signature between 939 cm-1 and 980 
cm-1in the red dash square for each sample obviously. That is the signature of silicon 
substrate. The  signatures for R6G include peaks as 610 cm-1, 770cm-1, 1124 cm-1, 
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1180 cm-1, 1309 cm-1, 1361 cm-1, 1502 cm-1, 1535 cm-1, 1572 cm-1, 1599 cm-1, and 
1649 cm-1 are siganificant for samples A2, A3, and A4. But for sample A1, only very 
week signal can be recognized for 610 cm-1, 1361 cm-1, and 1649 cm-1 in the inset 
diagram of Fig. 3-3, and while other signatures are lost in the noise. For the reference 
sample, none of the signatures could be observed except for the signature from silicon.  
         Compared with sample A1, the performance of sample A2, A3, and A4 were 
much stronger. Recalled that there were gold nanoparticles formed on the surface of 
the last three samples, but not on sample A1. The localized surface plamonic resonance 
(LSPR) 30 from the gold nanoparticles evidently enhanced the Raman scattering more 
than the enhancement from gold thin film which the surface propogation plasmon (SPP) 
was expected . 30  
          The silicon signature between 939cm-1 and 980cm-1 can be used as a ruler to 
scale the signatures from R6G, since silicon is the substrate for depositing gold thin 
film and the silicon signature existed at each curve for all the samples. The ratio between 
the height of the R6G signature and the height of the silicon signature was calculated as, 
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Where iS  represented the Raman counts of a certain signature of R6G in the curve, iLS  and 
iRS  represented Raman counts of the left edge and right edge of the signature respectively, SiS  
represented the Raman counts of the silicon signature, LS  and RS  represented the left and 
right edge of the silicon signature respectively. The height of R6G signatures 610 cm-1, 
770 cm-1, 1361cm-1, and 1649cm-1  together with the height of silicon signature 939cm-
1 to 980cm-1  were calculated based on the base of the each curve (A2, A3,  and A4) 
through expression (3). The ratio between each R6G signature and the silicon signature 
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was then plotted against the average diameter of the gold nanoparticles. The diagram 
was presented in Fig. 3-4. For each signature, the ratio over the silicon signature 
depended on the average diameter of the gold nanoparticles. For an average diameter 
of 28nm, the ratios of the height of 610 cm-1, 770 cm-1, 1361cm-1, and 1649cm-1  over 
the height of silicon signature were 1.51, 1.29, 3.94, and 3.82 respectively. When the 
average diameter increased to 89nm,   the ratios of the height of 610 cm-1, 770 cm-1, 
1361cm-1, and 1649cm-1  over the height of silicon signature improved to 3.06, 2.56, 
6.21, and 6.51 respectively. Further increase of the average diameter to 319 nm, 
resulted in a drop of the  the ratio of the height of 610 cm-1, 770 cm-1, 1361cm-1, and 
1649cm-1  over the height of silicon signature to 1.42, 1.18, 2.46, and 2.01. In 
complement, the ratio of the height of 610 cm-1, 770 cm-1, 1361cm-1, and 1649cm-1  
over the height of silicon signature for sample A1, the one without gold nanoparticles, 
were 0.66, 0, 0.68, and 0.51 respectively. For samples with gold nanoparticles on their 
surface, there existed an optimized average diameter of the gold nanoparticles for 
highest enhancement of the signatures from target molecule. It is obvious that the 
sample A3 with an average diameter of 89nm had the highest enhancement from the 
SERS. For more clear illustration, the data are presented in Table 1.  Since the 
relationship of the density of the gold nanoparticles was reverse to that of the average 
size of the gold nanoparticles, namely, the larger the density was, the smaller the size 
of the gold nanoparticles, similar relationship between the enhancement and the 
density of gold nanoparticles also existed.    
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Fig. 3-3 Raman signatures of R6G with a concentration as 1e-6M for sample A1, A2, 
A3, A4,and a bare Silicon substrate as reference. The laser excitation is 514nm, the 
laser power is 2.5mW, and the exposure time is 5s for each test of A1, A2, A3, and 
A4. The laser excitation is 514nm, the laser power is 5mW, and the exposure time is 
5s for Si reference substrate.  
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Fig. 3-4 The height of signatures 610 cm-1, 770 cm-1, 1361 cm-1, and 1649 cm-1 over 
the height of silicon signature 939-980 cm-1  for gold nanoparticles with different 
average diameters.  
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Table 3-1: Density and size of nanoparticles, and its relationship with intensity of 
SERS signatures with Si signature as a ruler 
Samples 
Particles 
density 
Average 
Diameter 
Average 
Height 
MSD 
I610 
/ISi 
I770 
/ISi 
I1361 
/ISi 
I1649 
/ISi 
A1 0 0 0 0 0.66 0 0.68 0.51 
A2 1.3/um2 319nm 354nm 
74.4 
141.6 
1.42 1.18 2.46 2.01 
A3 50.7/um2 89nm 88nm 
32.6 
39 
3.06 2.56 6.21 6.51 
A4 532.1/um2 28nm 28nm 
9.9 
13.4 
1.51 1.29 3.94 3.82 
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         Further measurement was performed at different exposure times as 1 s, 3 s, 5 s, 
and 10 s respectively for samples A1, A2, A3, and A4, while the laser excitation kept 
at 514 nm and the laser power kept at 2.5 mW. The result is shown in Fig. 3-5. For 
sample A1, the signatures from R6G were lost in the noise when the exposure time 
was less than 5s, and further there was considerable noise even when the exposure 
time increased to 10s (Fig.3-5 (a)). For sample A2, the signature from R6G were 
obvious for exposure time 3s, 5s, and 10s, but when it decreased to 1s, the signatures 
became difficult to recognize. For samples A3 and A4, all the signatures from R6G 
were clear at different exposure time, even when the exposure time decreased to 1 s, 
the signatures from R6G still could be recognized. The sensitivity of sample A3 and 
A4 was higher than that of sample A1 in the test.  
          Further measurement of the silicon sample at different exposure times as 1 s, 3 
s, 5 s, 30 s, and 50 s is shown in Fig. 3-6. The laser excitation was kept at 514nm, and 
the laser power was set as 5 mW. We could see that no matter how long the exposure 
time was, only the silicon signature existed in the diagram. No signatures from the 
R6G was observed. Therefore, it verified that the enhancement of the R6G was from 
the gold thin film and gold nanoparticles, which would produce the plasmonics during 
the laser incident on its surface. 30 The silicon reference sample, as a kind of 
semiconductor material had much lower plasmonics effect than noble metal, showed 
no advantage for enhancing the signatures from R6G.  
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Fig. 3-5 Raman signatures of R6G with a concentration as 1e-6M for sample A1, A2, 
A3, and A4 at different exposure time (1s,3s,5s,10s). The laser excitation for test is 
514 nm, and the laser power is 2.5 mW. (a) for sample A1, annealed at 500 ̊ C for 10 
min; (b) for sample A2, annealed at 500 ̊ C for 20 min; (c) for sample A3, annealed at 
500 ̊ C for 30 min; (d) for sample A4, annealed at 500 ̊ C for 40min.  
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Fig.3-6 The Raman microscopy curves for the silicon reference sample at different 
exposure time.  
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3.4 Conclusion   
            This chapter examined the Raman signatures of the R6G with gold 
nanoparticles  produced through the thermal anneal process.  The signature (939 cm-1 
to 980 cm-1) from silicon substrate was used as a ruler to scale the signatures from the 
target molecules, which was introduced to analyse the performance of each sample 
with different size and density of gold nanoparticles on its surface. The results showed 
that the enhancement of the signatures of R6G depended on the average size  and 
density of the gold nanoparticles on the substrate, and the optimized average size and 
density of gold nanoparticles for highest enhancement was presented based on analysis 
of each sample. The gold nanoparticles had an advantage over the gold thin film for 
enhancing the signatures from R6G, which had a higher sensitivity than the gold thin 
film in the Raman microscopy. The optimized gold nanoparticles on the surface of the 
silicon substrate enabled one to recognize the signatures from the target molecules at 
a short exposure time of 1 s, while the laser power was 2.5 mW at 514nm.        
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Chapter 4 
Improved sensitivity of Surface enhanced Raman scattering with 
nanoparticles-insulator-metal sandwich layers on a flat sapphire 
substrate 
 4.1 Introduction  
           Surface enhanced Raman scattering (SERS) has attracted much interest for its 
high sensitivity in detection of molecules, 16, 124, 157 since its discovery in 1974 on 
testing of pyridine adsorbed on the surface of silver electrode. 158, 159 It is widely 
accepted that the rough gold (silver) thin film, 4, 62, 160 gold (silver) nanoparticles, 10, 11, 
88, 116, 161 or nanopatterned gold (silver) thin film 2, 3, 72, 162are the keys for enhancing 
the signatures from molecules in Raman microscopy, since there are highly localized 
electric fields, namely, the “hotspots” formed  close to these nanoscale metallic 
structures in the presence of light.  30, 51   The molecules adsorbed on the high density 
“hotspots” contribute most of the enhancement for the surface enhanced Raman 
microscopy. 51    
           The chemical synthesized gold or silver colloids used as the substrate for 
enhancing the Raman scattering for detection of dyes, started at least as early as the 
1980s. 88 It was even reported that single molecule level detection could be achieved. 
163  However, the production of gold or silver colloids involves in using of hazardous 
aqueous chemicals such as HAuCl4 and erosive acids, 
164 and it has the risk of health 
and environmental problems. 165, 166  The gold nanoparticles produced by evaporation 
and thermal anneal need no complex chemical process and hazardous aqueous 
solutions, nor expensive facilities for pattern transfer, such as electron beam 
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lithography. 1  Furthermore, it also has the advantage to produce uniform gold 
nanoparticles on wafer scale rather than a small area as a few square millimetres 
through high resolution lithography. 10  Combined with a gold mirror, the gold 
nanoparticles over a gold thin film intercepted by a dielectric layer, 10 or the gold nano 
dimers on the gold mirror, 167 reached even higher sensitivity in SERS.  
4.2 Experiments  
           In this chapter, a gold nanoparticles-insulator-metal sandwich layers on a flat 
sapphire substrate is examined for the potential of improving the sensitivity of SERS. 
The gold mirror as thick as 100 nm was evaporated on the surface of a 2-inch sapphire 
substrate with an adhesion layer as 2 nm at first, and then a 10nm thick SiO2 layer was 
deposited on the surface of the gold mirror by plasma enhanced chemical vapour 
deposition. The second layer of gold thin film with a thickness as 10 nm was 
evaporated on the top of SiO2 insulator. The gold nanoparticles were formed through 
thermal process at 600 ̊ C for 30 min. For comparison, two other silicon substrates 
were evaporated a gold thin film as 5nm and 10 nm respectively, and formed gold 
nanoparticles through thermal anneal at the same condition. Our work presented that 
the gold nanoparticles-insulator-metal sandwich layers on the sapphire substrate 
improved the sensitivity of SERS for detection of R6G than the single layer gold 
nanoparticles on the silicon substrates. The silicon substrate with 5 nm gold thin film 
performed better than the one with 10 nm gold thin film in the Raman microscopy.  
          Three types of substrates: gold nanoparticles (formed by 5 nm gold thin film) on 
silicon substrate, gold nanoparticles (formed by 10 nm gold thin film) on silicon 
substrate, and the gold nanoparticles-insulator-metal on sapphire substrate are 
symbolized as sample S1, sample S2, and sample S3 after the preparation. The surface 
morphology of the gold nanoparticles on the three samples was characterized by AFM 
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(Bruker Dimension Icon) at first. The result was presented in Fig. 4-1 (a-d). A small 
piece of sample S3 was cut by the Focus Ion Beam miller (FEI Helios NanoLab 600 
Dual Beam) to exposure its cross section for inspecting the sandwich layers structure. 
The result is shown in Fig.4-2 (a-d).     
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Fig. 4-1 AFM images of the gold nanoparticles on samples S1 and S2. (a) Gold 
nanoparticles on the surface of sample S1. (b) Gold nanoparticles on the surface of 
sample S2 (c)-(d) Gold nanoparticles on the surface of sample S3.  
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Fig. 4-2 The SEM images of sample S3 and the gold nanoparticles distribution on the 
surface of S3. (a) The cross section of S3 after the Focus Ion Beam cutting (b) the cross 
section of S3 showed the gold nanoparticles-SiO2-gold thin film sandwich layers 
structure. (c) The gold nanoparticles on the surface of SiO2. (d) Distribution of the gold 
nanoparticles on surface of S3.  
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  4.3 Results and discussion 
 
         From the AFM images shown in Fig. 4-1, the size of the gold nanoparticles for 
sample S2 and S3 is similar to each other, with most nanoparticles having a diameter 
larger or around 150 nm. For sample S1, the size of the gold nanoparticles was much 
smaller than that of sample S2 and S3, e.g. it had an average diameter of about 23 nm. 
The difference was from the thickness of the gold thin film, in which the gold thin film 
evaporated on S1 was 5 nm, and the gold thin film evaporated on S2 and S3 was 10 
nm respectively. The cross section of the gold nanoparticles-insulator-metal sandwich 
layers was shown in Fig. 4-2 (a) at a tilt view of 45 ̊ in the SEM, and a magnified SEM 
image was shown in Fig. 4-2 (b). The layered structure of gold nanoparticles on SiO2 
insulator layer over gold mirror is quite clear. Another magnified SEM image about 
the surface of the gold nanoparticles on sample S3 is shown in Fig. 4-2 (c) also with a 
tilt view of 45 ̊. The distribution of the diameter for the gold nanoparticles in Fig.4-2 
(c) is given in Fig. 4-2 (d). The average diameter is about 120 nm in that area.  
         The R6G with a concentration of 1e-6M was used as the molecule probe in the 
Raman microscopy. The three samples S1, S2, and S3 were immersed in the solution 
for a whole night and then dried in an oven at 90 ̊ C for dehydration. A thin layer of 
R6G molecules were remained on the surface of the samples after the evaporation of 
water. The three samples were measured using a Renishaw Raman Microscope with a 
laser excitation at 633 nm at different laser powers and exposure time. The result is 
shown in Fig. 4-3 and Fig. 4-3. In Fig. 4-3, the Raman scattering curves of R6G at 
different laser powers as 0.17 mW, 0.85 mW, 1.7 mW, and 8.5 mW for samples S1 
and S2 (Fig. 4-3 (a) and (b)). The Raman signatures of R6G on sample S3 for laser 
powers at 8.5e-3 mW, 0.017 mW, 0.085 mW, and 0.17 mW are shown in Fig. 4-3 (c), 
which was much lower than that for sample S1 and sample S2. For all the three samples 
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in this test, the exposure time was 5 s, and the only difference was the laser power. All 
the signatures of R6G as 610 cm-1, 770cm-1, 1124 cm-1, 1180 cm-1, 1309 cm-1, 1361 
cm-1, 1502 cm-1, 1535 cm-1, 1572 cm-1, 1599 cm-1, and 1649 cm-1 together with the 
signature from silicon between 939 cm-1 and 980 cm-1, were clear for sample S1 at 
laser powers of 0.85 mW, 1.7 mW, and 8.5 mW. When the laser power decreased to 
0.17 mW, only a few main signatures as 610 cm-1, 770cm-1, 1180 cm-1, 1361 cm-1, 
1502 cm-1, and 1649 cm-1can be recognized, while other signatures are lost in the noise. 
For sample S2, all the signatures for R6G were clear at laser power of 0.85 mW, 1.7 
mW, and 8.5 mW respectively, but for the curve at laser power 0.17 mW, all the 
signatures for R6G were lost in the noise, in which they became difficult to distinguish. 
However, for the measurement of sample S3, the laser power was decreased to 8.5e-3 
mW, 0.017 mW, 0.085 mW, and 0.17 mW respectively, in which the biggest laser 
power was equal to the smallest laser power in the test of sample S1 and S2.  But 
surprisingly, all the signatures of the R6G still could be recognized for the tests took 
at all the laser powers 8.5e-3 mW, 0.017 mW, 0.085 mW, and 0.17 mW. Compared 
with sample S1 and sample S2, the noise in the diagram for sample S3 was much lower. 
For a good comparison, the Raman curves for all three samples S1, S2, and S3 at laser 
power 0.17 mW were put in the same diagram in Fig. 4-3 (d), and the Raman curve 
for sample S3 at the lowest laser power 8.5e-3 mW was drawn in the same diagram 
additionally. The Raman counts for sample S3 at power 0.17 mW and 8.5e-3 mW were 
divided by 40 and 3 respectively in Fig.4-3 (d) for using a smaller scale to show the 
curves for sample S1 and sample S2 clearly.  The signatures of R6G for sample S3 at 
0.17 mW and 8.5e-3 mW were clear and easy to recognize, while the main signatures 
of R6G for sample S1 could be recognized. For sample S2, the signatures of R6G were 
totally lost in the noise. The result indicated that with the help of the gold mirror, the 
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sensitivity of the S3 in SERS was improved considerably. The size of the gold 
nanoparticles was another factor that influenced the sensitivity of the SERS 
measurement, in which the smaller gold nanoparticles produced from 5 nm gold thin 
film performed better than the bigger gold nanoparticles produced from 10 nm gold 
thin film.  
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Fig.4-3 Raman microscopy of R6G with a concentration of 1e-6M with different 
samples. The laser excitation was 633nm, and exposure time was 5s for all 
measurement in (a) ~ (d).   
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Fig.4-4 Raman microscopy of R6G=1e6M with sample S3 at different laser power and 
different exposure time. The laser excitation for all (a) ~ (d) was 633nm, and objective 
was 50X. Different exposure times as 1s, 3s, 5s, 7s, and 10s set for each test. (a) The 
laser power was 8.5e-3mW; (b) The laser power was 0.017mW; (c) The laser power 
was 0.085mW; (d) The laser power was 0.17mW.  
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           Further results for sample S3 at different exposure times as 1 s, 3 s, 5 s, 7 s, 10 
s, for each laser power are in Fig. 4-4. It is obvious that for Raman curves at laser 
powers of 0.085 mW and 0.17 mW for all different exposure times from 1 s to 10 s, 
the signatures of R6G were easy to distinguish. For the one at laser power of 0.017 
mW, the Raman signatures of R6G was still recognizable at 1 s. For the lowest laser 
power 8.5e-3 mW, the R6G signatures were obvious for exposure times of 3 s, 5 s, 7 
s, and 10 s. Even when the exposure time decreased to 1 s, some main signatures of 
R6G were still recognizable.  
4.4 Conclusion 
         The gold nanoparticles-insulator-metal sandwich layers structure on the sapphire 
substrate had the advantage over the gold nanoparticles on the surface of silicon 
substrate for improving the sensitivity in detection of R6G molecules with Raman 
microscopy experimentally. The combination of the local surface plasmonic resonance 
from the gold nanoparticles and the surface Plasmon Polariton from the gold mirror 
led to further enhancement of the signatures from the molecules. This resulted in an 
improved sensitivity in detection of molecules. For gold nanoparticles formed on the 
surface of the silicon substrates, the sensitivity in the test relates to the size and density 
of the gold nanoparticles. The gold nanoparticles with a smaller size and higher density 
showed improved sensitivity in the characterization. Since the size and density of the 
gold nanoparticles could be controlled with the thickness of the gold thin film during 
evaporation, the substrate can be further optimized in Raman microscopy through 
optimization of the size of the gold nanoparticles.              
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                                                 Chapter 5 
Surface enhanced Raman scattering with Gold Nanoparticles-
Insulator-Metal sandwich layers on Patterned Sapphire Substrate 
5.1 Introduction  
          Patterned sapphire substrates (PSS), a corundum crystal substrate with an array 
of patterned pyramids on its surface, is widely used to improve the light extraction 
efficiency of GaN based Light Emitting Diode. 168-171  The hexagonal array of 
pyramids improves the scattering of light generated in the InGaN/GaN quantum wells 
on the surface of the sapphire substrate and this allows more photons escape out of the 
LED chip, thus improving the total quantum efficiency of the device. 171  
          The surface enhanced Raman scattering (SERS) substrate is used broadly in the 
detection of molecules for its high sensitivity in detection. 22, 103, 109, 113, 151 The 
detection is based on the inspection of the radiation from the molecules as the Raman 
scattering was first realized. 20 The function of the plasmonic substrate is to enhance 
the field at the “hot sites” where the target molecules are attached to. 151 According to 
former research, 30, 51 the hotspots, which defined as the highly localized field at the 
miniature gaps, protrusions, tips, and junctions of the metallic structure, were the key 
to enhance the signatures from the molecules in Raman microscopy. For a high 
sensitivity test of the molecule, the design of the SERS substrates focus on improve 
the density of the hot sites.  Previous work showed that the combination of gold 
nanostructures together with a metal mirror could resulted in further enhancement, 
which named as double enhancement from both the surface propagation plasmon in 
the metal thin film and the localized surface plasmon resonance from the metallic 
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nanoparticles. 2, 10, 54, 56, 167 Wang et al10 showed that the resonance of the silver NIM 
layers on flat silicon substrate would blue shift with the increase of SiO2 layer 
thickness from 30 nm to 65 nm experimentally, while Leveque and Martin 55 pointed 
it out  theoretically. Mubeen et al54 pointed out further the enhancement of the Raman 
signatures would improve with decreasing of the SiO2 layer deposited by Atomic Layer 
Deposition from 10 nm to 2 nm in a Gold NIM layers structure on flat silicon substrates. 
Similarly, Kravtsov et al129 demonstrated the Tip Enhanced Raman Scattering intensity 
improved with decrease of the distance between the gold tip and sample surface from 
15 nm until touching the sample. By contrast,  Hakonen et al167 developed a dimer 
over mirror SERS substrate for detection of BPE in Raman microscopy, and showed 
that there was an optimized thickness of the SiO2 layer between the gold nanodimer 
and gold mirror for best enhancement. The optimized SiO2 thickness was presented as 
60 nm in a range between 20 nm and 100 nm. 167  
          In this work, a patterned sapphire substrate is introduced to fabricate a surface 
enhanced Raman scattering (SERS) substrate for detection of molecules adsorbed on 
its surface. Rather than deposition of a single layer gold thin film on the surface of the 
substrate, a gold nanoparticles-insulator-metal (NIM) sandwich structure is designed 
for further enhancement of the Raman signatures, and fabricated on the pyramids of 
the PSS. The gold thin film with a thickness of 100 nm was deposited on the surface 
of PSS with a 5 nm Cr layer as an adhesion layer, which was believed enough to work 
as a mirror.  A silicon dioxide layer between the gold nanoparticles and gold mirror 
was used as the insulator layer for separating the two layers of gold. With this method, 
the high-density gold nanoparticles were covered on the whole surface of the 
hexagonal array pyramids over a gold mirror. On one side, the pyramids on the 
sapphire substrates improved the area compared with flat substrate, which allowed 
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more gold nanoparticles to form at the same projected area. On the other side, it 
changed the optics of the surface, and kept the resonance spectrum at the same place 
with different thickness of the interception layer. Our characterization presented that 
the NIM-PSS substrate showed high sensitivity in molecules measurement compared 
with the gold nanoparticles evaporated on a silicon substrate.  
5.2 Experimental 
         The fabrication process of the NIM-PSS substrate was demonstrated in Fig. 5-1. 
The 2-inch PSS substrates used in this experiment owned pyramids with a diameter as 
3 um and height as 1.5 um. Before the experiment, four patterned sapphire substrates 
were cleaned with piranha solution (H2SO4:H2O2=3:1), isopropanol, and acetone 
sequentially to remove possible contaminations on the surface. The gold mirror with a 
thickness of 100 nm was evaporated on the surface of the PSS samples using 5 nm Cr 
as an adhesion layer. Then, 4 different thickness of SiO2 as 5 nm, 10 nm, 15 nm, and 
20 nm, were deposited on 4 substrates with the same gold mirror with Plasma 
Enhanced Chemical Vapour Deposition. Then, a 10 nm thick gold thin film was 
evaporated on the surface of all the 4 substrates. The nanoparticles were produced 
through thermal anneal at 600 ̊ C for 30 min in the rapid thermal annealing processor. 
For comparison, a reference silicon substrate was also evaporated 10 nm gold thin film 
and annealed at the same condition in a tube furnace to form the gold nanoparticles. 
          After the fabrication, the four 2-inch NIM-PSS substrates were cut into small 
pieces with a size as about 1 cm * 1 cm with diamond blade manually. Since the surface 
morphology of the 4 types of NIM-PSS samples were the same, one square from the 
NIM-PSS samples was selected as a representative and characterized with AFM 
(ANASYS). Additionally, as a complement, the reference silicon sample with 
evaporated gold nanoparticles was also characterized with AFM for the surface 
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morphology (Bruker Dimension Icon, AFM). The R6G solution with a concentration 
as 1e-6M was used as the molecule probe in Raman microscopy (Renishaw). Four 
pieces of the NIM-PSS samples with different thicknesses of SiO2 layer as 5 nm, 10 
nm, 15 nm, and 20 nm were symbolized as samples A1, A2, A3, and A4, and the 
reference silicon sample with gold nanoparticles was symbolized as sample Ref. All 
the five samples were immersed in the R6G solution for a whole night and then dried 
in the oven at a temperature of 90 ̊ C for dehydration. A thin layer of R6G molecules 
was assumed to be adsorbed on the surface of the samples after the evaporation of 
water. The reflection spectrum was taken for all the four NIM-PSS samples with a 
vertical incident of tuneable laser wave for figuring out the plasmon resonance.      
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Fig. 5-1 The fabrication process of the NIM-PSS substrates (a) SiO2 mask on a flat 
sapphire substrate (b) Plasma isotropic etch of the sapphire substrate (c) Sputter Au 
mirror (100 nm) on sapphire substrate with Cr (5 nm) as adhesion layer (d) Plasma 
Enhanced Chemical Vapour Deposition of SiO2 insulator layer (e) Sputter another 
layer of Au (10 nm) (f) Rapid Thermal Anneal at 600 ̊ C for 30 min to produce gold 
nanoparticles.     
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5.3 Results and discussion       
          The 3D AFM image of the NIM-PSS was presented in Fig. 5-2 (a-c). The 
hexagonal pyramids were shown in Fig. 5-2 (a). One of the pyramids was zoomed in 
Fig. 5-2 (b), and a part of the surface of the pyramid was zoomed in Fig. 5-2 (c). The 
gold nanoparticles were distributed randomly on the surface of the pyramids. The 2D 
image of the silicon reference sample was shown in Fig. 5-2 (d). The average diameter 
of gold nanoparticles in the square with a size as 2.18 um*2.22 um in the centre of Fig. 
5-2 (d) was estimated to be 147 nm. The statistical analysis showed the distribution of 
the diameter of gold nanoparticles obeyed the Gaussian distribution. Because the 
thickness of the gold thin film evaporated on both the PSS samples and the silicon 
sample was 10 nm, meanwhile the thermal anneal also happened at 600 ̊ C for 30 min 
for both of them, the gold nanoparticles on sample A1, A2, A3, and A4 were supposed 
to have the similar average diameter as about 147 nm.  The only difference between 
the NIM-PSS samples A1, A2, A3, A4 and the reference sample Ref was the 
nanoparticles-insulator-metal sandwich layers structure and the pyramids.  
         The cross-section profiles of the pyramids on the NIM-PSS sample was shown 
Fig. 5-3. In the inset image of Fig.5-3, four profile trace lines with different colours 
were shown. The red line corresponded to the top of the pyramids, the black line went 
through the bottom of the pyramids, the green and the blue line traversed the place that 
between the top and the bottom of the pyramids. In the diagram, the profiles related to 
the four lines showed the height of the pyramids and the diameter of the pyramids. The 
diameter of the pyramid was 3 um, and the height of the pyramid was 1.5 um. In line 
2, line 3, and line 4, the wave in the profile curves showed the gold nanoparticles on 
the surface. A small inset diagram showed the surface roughness of the top on a 
pyramid with a scanning distance as 2 um, where the wave in the curve presented the 
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profile of the gold nanoparticles on its surface. The area of this pyramid was 2  times 
of the projected area, which indicated that at the same projected area there was more 
gold on the surface of the pyramid than on the flat substrate if the thickness of gold 
was the same on both of them. Therefore, there would be more hotspots for enhancing 
the Raman scattering for the pyramid sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
101 
  
 
 
  
 
Fig. 5-2 AFM images of the NIM-PSS sample and control sample. (a) ~ (c) 3D AFM 
images of the NIM-PSS sample. (d) 2D AFM image of the Ref sample and the diameter 
distribution of nanoparticles.  
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                         Fig. 5-3 Profiles of the surface of NIM-PSS sample 
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          Before Raman microscopy of the samples, the Raman microscope was 
calibrated with a standard silicon substrate inside to make sure that it had enough gain 
for the measurement. The Raman microscopy of the R6G was measured at the laser 
excitation of 633 nm with different laser power 0.17 mW, 0.085 mW, 0.017 mW, and 
8.5e-3 mW for the 4 NIM-PSS samples with different thickness of SiO2 layer. The 
R6G signature was only taken at laser power 0.17 mW for the reference sample, since 
it can’t be recognizable at laser power that lower than 0.17 mW. For all the 
measurements, the exposure time was kept of 10 s for the convenience of comparison, 
and the magnification of the objective was kept as 50X. All the signatures of R6G on 
sample A1, A2, A3, and A4 could be recognized at different laser power, even at the 
lowest laser power of 8.5e-3 mW.  But with a decrease of the laser power, there was 
more noise in the curves for the Raman microscopy, since fewer photons interacted 
with vibrations of the molecule attached to the hotspots.  In Fig. 5-3 (a), the test 
parameters for both the NIM-PSS samples (A1, A2, A3, A4) and the Ref sample in the 
microscopy was the same, in which the laser power as 0.17 mW for all of them, but 
the Raman counts had a high contrast between them, when the five curves of R6G 
signatures were put together in the same diagram. The signatures of the R6G was 
nearly could not be recognized for the Ref sample, while they were clear for all the 
four NIM-PSS substrates. Even when the laser power for the NIM-PSS samples was 
decreased to 0.085 mW for the four NIM-PSS samples while the laser power kept at 
0.17 mW for the Ref sample, there was still big contrast of the Raman signatures for 
the NIM-PSS samples and the Ref sample in Fig. 5-3 (b). When the laser power for 
the NIM-PSS samples decreased to 0.017 mW, which was 10 times lower than that for 
the Ref sample (0.17 mW), the main signature of R6G on Ref sample began to appear 
in Fig. 5-3 (c) with much noise. In Fig. 5-3 (d), when the laser power for the NIM-PSS 
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samples decreased to 8.5e-3 mW (which was 20 times lower than 0.17 mW for the Ref 
sample), it was still much easier to recognize the R6G signatures on the NIM-PSS 
samples than on the Ref sample.         
 
 
Fig.5-4 Raman microscopy of R6G=1e-6M with different substrates at different laser 
power. For all the test, the laser excitation was 633nm, and the exposure time was 10s. 
Samples A1, A2, A3, and A4 were NIM-PSS samples with a silica insulator layer, 
which has thickness as 5nm, 10nm, 15nm, and 20nm respectively. Sample Ref was a 
reference silicon substrate has 10 nm evaporated gold thin film after thermal anneal at 
600 ̊ C for 30min.    
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          From the Raman signatures for NIM-PSS samples A1, A2, A3, and A4, the 
result in Fig. 5-3 demonstrated there was no difference of them in the performance of 
Raman microscopy with the variation of thickness of interception layer SiO2 from 5 
nm to 20 nm, though the relative Raman counts for them varied from each other. For 
gold nanoparticles on a flat silicon substrate, the localized surface plasmon from the 
gold nanoparticles would couple with the surface propagate polariton in the Au mirror, 
thus resulting in a higher enhancement of the Raman signature. 2, 10, 54, 56 Mubeen et al 
54 argued that the enhancement depended on the thickness of the SiO2 layer while the 
thickness lower than 10 nm, and the thinner the SiO2 layer was, the higher the 
enhancement was, if the NIM layers structure was deposited on a flat Si substrate. For 
a further research, the reflection spectrum for the four NIM-PSS samples A1, A2, A3, 
and A4 were measured. The result was shown in Fig. 5-5. The result showed that with 
the decrease of the SiO2, there was no change for the reflection response, no shift of 
the resonance happened. The resonance kept close to the laser excitation at 633 nm for 
all the four samples, which was implicated as the best position of the resonance for an 
optimized enhancement in the Raman microscopy. 30 The situation was different from 
a previous report that the resonance spectrum red-shifted with the thinning of SiO2 
from 65 nm and 30 nm for silver nanoparticles over a silver mirror on flat silicon 
substrate. 10  Furthermore, additional peaks around 540 nm, 608 nm, 810 nm, and 870 
nm for all the four NIM-PSS samples appeared in the reflection spectrum, which 
showed different optics compared with the nanoparticles-insulator-metal sandwich 
structure on flat substrate.10 The existence of the hexagonal pyramids array broke the 
symmetry of the reflection spectrum of NIM on flat substrates, which was originated 
from the interference between different oscillators, here as the resonance from periodic 
hexagonal pyramids and the NIM layers structure. This is the Fano effect. 172, 173 The 
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NIM-PSS substrates presented an advantage in that they kept the resonance at the 
wavelength matched with the laser excitation in Raman microscopy for best 
performance, thus was not influenced by the variation of the insulator thickness.   
   
 
Fig. 5-5 The reflection spectrum for samples A1, A2, A3, and A4, with different 
thickness of SiO2 insulator layer on the Au thin film over patterned sapphire substrate.  
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5.4 Conclusion 
          In summary, the NIM sandwich layers structure on a Patterned Sapphire 
Substrate is fabricated for enhancing the Raman signatures of R6G. Compared with 
the gold nanoparticles distributed on a silicon substrate, the NIM-PSS substrate 
showed high sensitivity in the inspection of molecule. It even allows the molecules to 
be recognized in ultralow laser excitation power of 8.5e-3 mW. In addition, the Fano 
effect was observed in the reflection spectrum of the NIM-PSS substrate with sharp 
peaks appeared at 540 nm, 608 nm, 810 nm, and 870 nm for all NIM-PSS samples 
owned different thickness of SiO2 insulator layer. The existence of the hexagonal 
pyramid array resulted in non-shift of the resonance with variation of the SiO2 insulator 
layer from 5 nm and 20 nm, and the match of plasmon resonance and laser excitation 
(633 nm) led to best performance of all the NIM-PSS samples with different SiO2 
thickness.      
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Chapter 6 
Fabrication of nanopillars on a silicon substrate using evaporated-
annealed gold Nanoparticles as a mask 
6.1 Introduction 
         Silicon nanopillars, also named as silicon nanowires, are widely used in different 
kinds of devices, such as solar cells 174-176, biosensors 7, 177-179, transistors 180-183, Li-ion 
batteries 184-187, photonic crystals188, and MEMS package 189 recently. A lot of methods 
are available for fabrication of the silicon nanopillars, which can be categorized into 
bottom-up and top-down methods. The bottom-up methods, involve in the growth of 
silicon nanopillars through the Vapour-Liquid-Solid (VLS) method with a metal thin 
film on the silicon substrate as catalysis and SiH4, SiCl4, or Si2H6 as a precursor 
73, 74, 
190, 191, in which Chemical Vapour Deposition (CVD) is commonly used 192.  The VLS 
method is based on the particular metal-silicon binary phase diagram. As an example 
74, for the Au-Si alloy, the melting temperature of the alloy depends on the ratio of the 
Au in the system. The lowest melting temperature is 363 ̊ C, corresponded to 19% of 
Au. This is much lower than either the melting temperature of pure silicon or pure gold. 
The liquid droplets of Au-Si can be formed when the temperature is above 363 ̊ C. In 
case there is precursor like SiH4 flowing over the silicon substrate at that time,  silicon 
nanopillars would start to grow 74.  
         The top-down methods for fabrication of silicon nanopillars involve in etching 
out of the silicon with a mask, either wet etching or dry etching, is available for 
fabrication of the silicon nanopillars193-200. In the wet etching, the metal pattern formed 
via nanolithography, is usually used as the catalysis for the etching in HF based 
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solution, where the area under the cover of the metal pattern would be etched out193, 
194, 201-204. In the dry etch, different kinds of masks are used, such as gold colloids196, 
197, polymer or silica nano spheres (or namely, Nano Spheres Lithography)198, 199, 205-
207, cesium chloride self-assembly 195, electrons beam lithography 71, 200, 208, or even the 
maskless etching with suitable adjustment of the precursors flow, pressure, and etch 
conditions, can also fabricate the silicon nanopillars 7, 38, 178. Compared with the VLS 
growth method for fabrication of silicon nanopillars, the etch methods have the 
advantage on the controllability of the distribution of the nanopillars, since the pattern 
is transferred from the mask. Furthermore, the top-down method does not involve in 
high temperature process for materials growth. Compared with the wet etch method, 
the dry etch method does not use any hazardous aqueous acid like HF. It is much safer 
in the fabrication.  
          The present work introduced a method using the gold nanoparticles formed by 
thermal anneal of the evaporated gold thin film, as the etching mask, to fabricate the 
silicon nanopillars with SF6 and C4H8 as precursors in the Reactive Ion Etcher system. 
The size of the nanopillars can be controlled by the size of the gold nanoparticles, 
which is available to be tuned via selection of the thickness of the gold thin film and 
the anneal condition in the thermal process. Our work showed that the density of the 
silicon nanopillars could be optimized through optimization of the flow ratio between 
SF6 and C4H8 during the dry etching process. Since the plasmonics from gold 
nanoparticles is commonly used to enhance the Raman scattering in detection of 
molecules 7, 38, 71, the silicon nanopillars fabricated with the gold nanoparticles as a 
mask, have the potential to use in the high sensitivity inspection of molecules.  
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6.2 Experiment and results 
           The gold thin film with a thickness of 10 nm was evaporated on the surface of 
a 3-inch silicon wafer with the Intlvac Nanochrome II e-Beam evaporator. The 
evaporation rate was set as 0.5 A/s, and the procedure of evaporation started after 1 
min of argon plasma exposure to the surface of the silicon wafer for cleaning. The 3-
inch silicon wafer with gold thin film was cut with a diamond blade manually, and a 
bunch of squares with a size as 1 cm* 1 cm were collected for the continued experiment. 
The silicon squares were annealed in a tube furnace at 600 ̊ C for 30 min with a flow 
of nitrogen, and the gold nanoparticles were formed on the surface of the silicon 
squares. The AFM (Bruker Dimension Ion) image in Fig. 6.1 (a) showed the 
distribution of the gold nanoparticles on the surface of the silicon sample before dry 
etch.  
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Fig. 6-1 AFM images of gold nanoparticles on silicon. (a) Gold nanoparticles on 
silicon formed by annealling at 600 ̊ C for 30 min from 10 nm gold thin film. RIE etch: 
P=15 mT, RF=30 W, ICP=2000 W, SF6=60 sccm, C4F8=80 sccm for (b),(c),(d). (b) 
Etching time=1 min; (c) Etching time=2 min; (d) Etching time = 3 min.  
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          The Oxford Instruments PlasmaLab 100 ICP was used to etch the silicon during 
the experiment.  The etching of the silicon included the vertical physical bombardment 
of the ions directly on the surface of the silicon substrate and the chemical etching of 
silicon with SF6. For the chemical reaction, the SF6 worked as a kind of reaction gas 
at all directions including vertical and horizontal, and C4H8 worked as the passivation 
gas protecting the silicon nanopillars during the procedure. As the size of the gold 
nanoparticles were in hundred nanometres, the area under the gold nanoparticles was 
very easy to be etched over and with nothing remained after the etching. Therefore, it 
was crucial to select and optimize the ratio between the flow of SF6 and C4H8 during 
the dry etching.  
         During all the experiment procedure, the pressure of the RIE chamber was set as 
15 mT, the RF power and ICP power were kept at 30W and 2000W respectively, and 
the only change for each etching process were the ratio between the flow rate of SF6 
and C4H8, and the etching duration time. The AFM images of the silicon samples 
etched at SF6: C4H8 = 60 sccm: 80 sccm with different etching duration time 1 min, 2 
min, and 3 min respectively were presented in Fig.6-1 (b), (c), and (d). In all the three 
images, there were no silicon nanopillars formed after the etching. In Fig. 6-1 (b), the 
surface of the silicon became roughness after exposure to the SF6 and C4H8 plasma for 
1 min, and the gold nanoparticles with modified shape were stood on the surface of 
silicon sample. In Fig. 6-1(c) and Fig. 6-1 (d), pits with different sizes were formed on 
the surface of the silicon sample. The size of the remained gold nanoparticles mask 
also became smaller, and the density of the nanoparticles dropped. It indicated that the 
horizontal etching was too much, and the passivation of the nanopillars was not enough. 
In other words, there was too much SF6 in the flow gases.  
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Fig. 6-2 SEM images of the silicon nanopillars fabricated at different etching condition. 
RIE etching condition: P=15mT, RF=30W, ICP=2000W, Etching time=1min for all 
samples. (a)- (b): SF6: C4F8=20 sccm: 80 sccm. (c)- (d): SF6:C4F8=10 sccm: 80 sccm; 
(e)-(f): SF6:C4F8=5 sccm: 80 sccm.   
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          The next work needed to decrease the ratio of the SF6 in the gas, while 
maintaining the other parameters. When the ratio decreased to SF6: C4H8 = 20 sccm: 80 
sccm, 10 sccm: 80sccm, 5 sccm: 80 sccm, the silicon nanopillars formed on the surface 
of the silicon sample, with an etching duration time of 1 min. The SEM images 
presenting the distribution of the gold nanoparticles and the gold nanoparticles on the 
head of the silicon nanopillars are given in Fig. 6-2 (a)-(f). The SEM images in Fig. 6-
2 (a) and (b) were the sample after dry etching at SF6: C4H8 = 20 sccm: 80 sccm for 1 
min. The SEM images in Fig. 6-2 (c) and (d) were the sample after dry etching at SF6: 
C4H8 = 10 sccm: 80 sccm for 1 min. The SEM images in Fig. 6-2 (e) and (f) were the 
sample after dry etching at SF6: C4H8 = 5 sccm: 80 sccm for 1 min. In Fig. 6-2 (a) and 
(b), most of silicon nanopillars under the gold nanoparticles were etched over, and the 
undercut for the remained nanopillars was large. In Fig. 6-2 (b), only the big gold 
nanoparticles labelled p1, p2, p3, and p4 had silicon nanopillars under them. For the 
others with smaller size, the contact area between the gold nanoparticle and silicon had 
been over etched, and the gold nanoparticles fell off the nanopillars. As symbolized in 
Fig.6-2 (b), for gold nanoparticles p2 and p3, with diameters as 145 nm and 143 nm 
respectively, the silicon nanopillars under it had a diameter of the head as 28 nm and 
23 nm respectively. It indicated that 117 nm and 120 nm at the horizontal direction for 
p2 and p3 was etched out respectively, which gave a horizontal etching rate as 59 
nm/min. For the gold nanoparticles with a diameter as 124 nm and 83 nm at the left-
up corner in Fig. 6-2 (b), the silicon nanopillars under them were over etched, which 
resulted in the gold nanoparticles fell down. In Fig. 6-2 (c) and (d), there were fewer 
silicon nanopillars under the gold nanoparticles were over etched than that in Fig.6-2 
(a) and (b), and also the undercut for the remained nanopillars was smaller than that of 
Fig. 6-2 (a) and (b). The density of the silicon nanopillars was much higher than that 
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in Fig. 6-2 (a) and (b). For a gold nanoparticle with a diameter of 134 nm, the silicon 
nanopillar under it had a diameter of the head as 44 nm. It indicated that 90 nm at the 
horizontal direction was etched over, and an etching rate at the horizontal direction 
was estimated as 45 nm/min. The gold nanoparticles in the dash squares in Fig. 6-2 (d) 
had a diameter as 96 nm and 91 nm had the trend to fall down, and the silicon 
nanopillars under them had very sharp heads, which could be seen as the boundary 
between stable and unstable state. The gold nanoparticles with a size as 88 nm and 48 
nm in the circles in Fig. 6-2 (d) were fell down from the nanopillars. In Fig. 6-3 (e) 
and (f), it was obvious that almost all the silicon nanopillars under the gold 
nanoparticles were remained with a small undercut, except the one in the dash square 
and the circle respectively. The density of silicon nanopillars was larger than that both 
in Fig. 6-2 (a)-(b) and Fig.6-2 (c)-(d). For gold nanoparticle with a diameter as 134 nm, 
the remained silicon nanopillar under it had a diameter as 87 nm of the head. It 
implicated that only 47 nm at the horizontal direction of the nanopillar was etched, and 
it presented an etching rate of 23.5 nm/min at the horizontal direction. For the 
nanopillar in the circle with sharp head, the gold nanoparticle over it may have a very 
small size that fell down without notice. The one in the dash square had a small width 
as 51 nm was in the way to fall down. The horizontal etching rate of silicon under the 
gold nanoparticles depends on the ratio of the SF6 and C4H8 flow rate at the RIE 
parameters as P=15mT, RF=30W, ICP=2000W was presented in Fig. 6-3.   
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Fig. 6-3 Horizontal etching rate of silicon depends on the ratio of SF6:C4H8 at P=15 
mT, RF=30 W, ICP=2000 W. The flow rate of C4H8 was 80 sccm without variation.  
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Fig. 6-4 Distribution of the gold nanoparticles on the surface of silicon as an etching 
mask. The average diameter was 150 nm and mean square deviation was 59.4 with 
counting at a limited area of Fig. 1 (a).    
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           The diameter distribution of the gold nanoparticles mask showed in Fig. 6-1 (a) 
was presented in Fig. 6-4. The gold nanoparticles mask was estimated to have the gold 
nanoparticles with an average diameter as 150 nm, and a mean square deviation as 
59.4, which indicated that 68% of the total gold nanoparticles had a diameter between 
90.6 nm and 209.4 nm. If we assumed that the gold nanoparticles with a diameter 
above 120 nm would kept on the head of the silicon nanopillars for the etching 
condition resulted in the SEM images in Fig. 6-2 (a) and (b), then 65.69% of the gold 
nanoparticles would fall off the head of the silicon nanopillars after the etching based 
on the Gaussian distribution. For the etching condition resulted in Fig. 6-2 (c, d) and 
Fig. 6-2 (e, f), there would be 58.08 % and 46.71 % of the total gold nanoparticles 
falling off the head of the silicon nanopillars respectively based on the horizontal 
etching rate. Because the SEM images for each sample etched in the three-different 
flow ratio of SF6 and C4H8 were difficult to definitely compare at the same position as 
gold nanoparticles mask showed in AFM image of Fig. 6-1 (a), the estimation may 
have some inevitable mismatch.  Also, for the limited number of the gold nanoparticles 
counted in the statistics, the average diameter of the gold nanoparticles distributed on 
the surface of the silicon substrate, and the mean square deviation for it, may not reveal 
the practical situation all over the whole sample. But the simple estimation revealed 
that there was a trend that there were more silicon nanopillars produced with the 
decrease of the SF6 flow in the reaction gases.     
           In Fig. 6-5, the SEM images of the samples etched at the same SF6 and C4H8 
flow ratios as SF6: C4H8 = 20 sccm: 80 sccm, 10 sccm: 80sccm, 5 sccm: 80 sccm for 1 
min 30 s were shown in Fig. 6-4 (a)-(b), Fig. 6-4 (c)-(d), Fig. 6-4 (e)-(f) respectively. 
The other parameters were the same as that in Fig. 6-2. All of the silicon nanopillars 
were etched over in Fig. 6-5 (a) and (b) in this case. Only very few nanopillars 
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remained in Fig. 6-5 (c) and (d), Fig. 6-5 (e) and (f). According to the horizontal 
etching rate of silicon under the gold nanoparticles for each condition, the width of the 
silicon in the horizontal direction etched was 178 nm, 135 nm, 71 nm respectively for 
1 min 30 s. According to the statistics used above, there would be 78.54%, 69.29%, 
and 53.08% of the total gold nanoparticles may fall off the head of the silicon 
nanopillars, which was much higher than the estimation for Fig. 6-2. Consideration of 
the stability of gold nanoparticles stand on the head of the silicon nanopillars, there 
should be enough contact area between each gold nanoparticle and the top of the 
silicon nanopillars, otherwise, the gold nanoparticles would fall off the silicon 
nanopillars. It indicated that the area under and contacted with the gold nanoparticles 
should not be etched too much, the diameter of the gold nanoparticle should be larger 
than 178 nm, 135 nm, and 71 nm respectively, for keeping the gold nanoparticles on 
the head of the silicon nanopillars. It was the reason that most gold nanoparticles with 
big size stayed on the top of the silicon nanopillars in Fig. 6-2, since they had smaller 
etching area around the nanopillars. Most of the gold nanoparticles had a diameter 
smaller than 178 nm, and additionally the shape of the gold nanoparticles changed 
during the plasma etching for the high temperature produced by high flow plasma 
bombardment, thus, nearly all the gold nanoparticles fell in Fig. 6-5 (a, b) and only 
very short protrusions remained.  For some small gold nanoparticles in Fig. 6-5 (c, d) 
and Fig.6-5 (e, f), there were some short nanopillars remained and supported the gold 
nanoparticles above them. As the etched area was larger than the area of these gold 
nanoparticles, the tips of these pillars had been eaten in the etching process and the 
short bottom remained with the gold nanoparticles fell over them directly.          
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Fig. 6-5 SEM images of silicon substrates after RIE etching with gold nanoparticles as 
mask. RIE etching condition: P=15 mT, RF=30 W, ICP=2000 W, Etching time=1.5 
min for all samples. (a)- (b): SF6: C4F8=20:80 sccm. (c)- (d): SF6:C4F8=10:80 sccm; 
(e)-(f): SF6:C4F8=5:80 sccm.   
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6.3 Conclusion  
 
 Here a method is presented for fabrication of silicon nanopillars through dry etching 
with the evaporated-annealed gold nanoparticles as a mask. The horizontal etching rate 
of the silicon under the gold nanoparticles mask was measured at different SF6 and 
C4H8 flow ratios. The work showed that the ratio of SF6 and C4H8 was crucial for the 
fabrication of high density, small undercut silicon nanopillars. The result also showed 
that the sharpness of the silicon nanopillars could be tuned by the ratio of the SF6 and 
C4H8 flow. The fabrication technique of the silicon nanopillars can be used in the 
development of silicon solar cells, biosensors, and some FET devices.  
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                                          Chapter 7 Conclusion 
          As an advanced analytical tool, surface-enhanced Raman scattering (SERS) has 
broad applications in identification of colorants in paints and glazes, hazard detection 
to ensure food safety, biomedicine and diagnosis, environmental monitoring, detection 
of explosives and forensic science. 
           In chapter 2, main types of plasmonic substrates, which include solid substrate 
with metallic nanostructures and chemically synthesized noble metal colloids, and 
their fabrication methods are reviewed. The design principles for fabrication of 
ultrasensitive plasmonic substrates for SERS are presented on the basis of published 
literature. Finally, various applications of SERS substrates are described, indicating 
the potential of this technique in practical applications. As an ultrasensitive detection 
method, SERS is at the core of a rapidly expanding research field. 
          In chapter 3, the SERS substrates through thermal annealing of sputtered gold 
thin film on silicon substrates were optimized. The thermal annealing process with 
different duration time modified the morphology of the gold thin film and produced 
gold nanoparticles with different size and density, thus influenced the performance of 
the substrates in SERS measurement. The research showed that the performance of the 
SERS measurement depended on the average size and density of the gold nanoparticles 
distribution on the surface of the silicon substrates. The signature of silicon (939-980 
cm-1) was used as a ruler for evaluation of the R6G (1e-6M) signatures. The optimized 
SERS substrate showed high sensitivity in detection of the R6G molecules, which had 
3.06, 2.56, 6.21, and 6.51 times of the intensity over the silicon signature for 610 cm-
1, 770 cm-1, 1361 cm-1, and 1649 cm-1    respectively. Compared with the method using 
the enhancement factor as parameter for evaluation of SERS, the ruler of silicon 
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signature is more reliable since it is from the substrate and can always provide a 
reference for comparison. Reversely, there are too many definitions of enhancement 
factors based on different angle, and in addition the reference signatures can be 
difficult to realize at a low concentration without any amplification from SERS. All 
these issues would bring difficulties to the experiment and analysis.   
          In chapter 4, an improved SERS substrate, which has a gold nanoparticles-
insulator-metal sandwich layers on the flat sapphire substrate (NIM-FSS) was 
demonstrated. The fabrication of the sandwich layers substrate involves evaporation 
of a gold mirror as thick as 100 nm, plasma enhanced chemical vapour deposition of 
the silica insulator layer as 10 nm, evaporation of a thin gold layer as 10 nm for forming 
gold nanoparticles. The NIM-FSS substrate demonstrated improved sensitivity in 
detection of molecules in Raman microscopy, which can allow the molecules to be 
recognizable at ultralow laser power as 8.5e-3 mW, 0.017 mW, 0.085 mW, and 0.17 
mW for ultrashort exposure time.     
         In chapter 5, the patterned sapphire substrate (PSS), which was commonly used 
in the GaN Light Emitting Diodes for improving the light extraction efficiency, was 
introduced as the substrate for fabrication of gold nanoparticles-insulator-metal (NIM) 
sandwich layers for enhancing the Raman signatures. The result presented that the 
NIM-PSS samples had high sensitivity for enhancing the Raman signatures, which 
could allow the molecules (R6G=1e-6M) be recognizable at an ultralow laser power 
of 8.5e-3 mW for laser excitation at 633 nm. Additional research showed that a 
pyramid periodic array had the advantage to keep the plasmon resonance at the 
wavelength that matched with the laser excitation without influence of the SiO2 
thickness. Furthermore, the Fano effect was observed in the NIM-PSS substrate, which 
124 
  
implicated a potential application as Localized Surface Plasmon Resonance sensor in 
future.  
         In chapter 6, a method was presented for fabrication of the silicon nanopillars 
through dry etch with gold nanoparticles as a mask. The gold nanoparticles were 
formed through thermal anneal of the evaporated gold thin film. The parameters were 
optimized for the fabrication of the silicon nanopillars in Reactive Ions etcher and 
tested the horizontal etch rate of the silicon under the gold nanoparticles mask. The 
ratio of the reaction precursors SF6 and C4H8 was crucial for fabrication of high density 
gold nanopillars. The research showed that the sharpness of the nanopillars could be 
tuned through the flow of the SF6 and C4H8. The fabrication of the silicon nanopillars 
with gold nanoparticles as a mask opened a new method for the fabrication of surface 
enhanced Raman scattering substrates, and the technique also had the potential to use 
in other areas such as solar cells, Li-ion batteries, sensors, and transistors.  
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Appendix: A case for processing data with MATLAB codes 
 
The code is a case for processing data with MATLAB script.  It is more convenient 
than processing the data with EXCEL and Origin, since it can generate multiple curves 
at the same time within a loop for comparison of the data gotten at different conditions.  
At first, the user needs to store all the data in excel or text files in a certain direction in 
PC. The codes can direct to the correct direction, find the data, and read the data to 
MATLAB. It not only reads the digital numbers, but also the text messages, which can 
be much easier to distinguish different data. All the data can be stored in some “matrix”, 
or “cell”, or “structure” in MATLAB with different types of data structure, which is 
more convenient to process. The MATLAB has a function to generate different kinds 
of graphs with different commanders, thereby suitable selection of the commanders 
can generate various types of graph for presenting the research result. This is only a 
case for data process used in this research.    
% The codes used to deal with Raman data. 
% Wenbing Li, Aug.,5, 2016 
close all; 
clear; 
clc; 
% Read data from excel; 
cd('D:\Literatures and 
Exp\Experiment\Raman\20160803differentpointtext'); 
Data01=xlsread('RamanTestdifferentpoint.xlsx','sheet1','B5:AO1019'); 
Data02=xlsread('RamanTestdifferentpoint.xlsx','sheet2','B5:AO1019'); 
Data03=xlsread('RamanTestdifferentpoint.xlsx','sheet3','B4:Q1018'); 
Data04=xlsread('RamanTestdifferentpoint.xlsx','sheet4','B5:AO1019'); 
% Plot data 
s{1} ='Laser Power=0.17mW'; 
s{2} ='Laser Power=0.85mW'; 
s{3}='Laser Power=1.70mW'; 
s{4}='Laser Power=8.5mW'; 
  
% Fig 1 
 f=figure; 
     
  annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (5nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{1}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
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    'FontWeight','bold');  
  
    for j=1:5 
        plot(Data01(:,2*j-1), Data01(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
    end 
    
    % Fig2 
     f=figure; 
     
  annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (5nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{2}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
    for j=6:10 
        plot(Data01(:,2*j-1), Data01(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
    end 
  % Fig3   
    f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (5nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{3}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     for j=11:15 
        plot(Data01(:,2*j-1), Data01(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
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     end 
      
    % Fig 4 
      f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (5nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{4}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     for j=16:20 
        plot(Data01(:,2*j-1), Data01(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
     end 
    % Fig.5 
      f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (5nm) Si 600 C Anneal 30min','Laser 
Wave=633nm','Exposure Time=5s'},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     
        plot(Data01(:,5), Data01(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data01(:,15), Data01(:,16),'linewidth',2); 
         
         
        plot(Data01(:,25), Data01(:,26),'linewidth',2); 
         
        plot(Data01(:,35), Data01(:,36)/3,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(s{1},s{2},s{3},s{4},'fontweight','bold','fontsize',10); 
         
    annotation(f,'textbox',... 
    [0.853571428571428 0.491857144063428 0.0598214273207954 
0.0642857130794299],... 
    'String',{'/3'},... 
    'LineStyle','none',... 
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    'FontWeight','bold');   
  
% Fig 6 
     f=figure; 
     
  annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (10nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{1}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
    for j=1:5 
        plot(Data02(:,2*j-1), Data02(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
    end 
     
  %Fig.7 
     f=figure; 
     
  annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (10nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{2}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
    for j=6:10 
        plot(Data02(:,2*j-1), Data02(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
    end 
     
    % Fig. 8 
    f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (10nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{3}},... 
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    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     for j=11:15 
        plot(Data02(:,2*j-1), Data02(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
     end 
     
     % Fig.9 
      f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (10nm) Si 600 C Anneal 30min','Laser 
Wave=633nm',s{4}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     for j=16:20 
        plot(Data02(:,2*j-1), Data02(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
     end 
     
     % Fig.10 
      f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Au (10nm) Si 600 C Anneal 30min','Laser 
Wave=633nm','Exposure Time=5s'},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     
        plot(Data02(:,5), Data02(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data02(:,15), Data02(:,16),'linewidth',2); 
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        plot(Data02(:,25), Data02(:,26),'linewidth',2); 
         
        plot(Data02(:,35), Data02(:,36)/3,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(s{1},s{2},s{3},s{4},'fontweight','bold','fontsize',10); 
         
    annotation(f,'textbox',... 
    [0.853571428571428 0.491857144063428 0.0598214273207954 
0.0642857130794299],... 
    'String',{'/3'},... 
    'LineStyle','none',... 
    'FontWeight','bold');   
  
% Fig.11 
f=figure 
 annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','NIMFSS 
(Au(10nm)SiO2(10nm)Au(100nm))','Laser Wave=633nm','Laser Power=1.7e-
5mW'},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold') 
 for j=1:8 
        plot(Data03(:,2*j-1), Data03(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure time=10s','Exposure time=15s', 
'Exposure time=20s',...  
        'Exposure time=50s',  'fontweight', 'bold', 'fontsize', 10); 
       
 end 
      
ss{1} ='Laser Power=8.5e-3mW'; 
ss{2} ='Laser Power=0.017mW'; 
ss{3}='Laser Power=0.085mW'; 
ss{4}='Laser Power=0.17mW'; 
  
% Fig.12 
   f=figure; 
     
  annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','NIMFSS 
(Au(10nm)SiO2(10nm)Au(100nm))','Laser Wave=633nm',s{1}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
    for j=1:5 
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        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
    end 
  % Fig.13   
     f=figure; 
     
  annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','NIMFSS 
(Au(10nm)SiO2(10nm)Au(100nm))','Laser Wave=633nm',s{2}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
    for j=6:10 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
    end 
% Fig.14     
    f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','NIMFSS 
(Au(10nm)SiO2(10nm)Au(100nm))','Laser Wave=633nm',s{3}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     for j=11:15 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
     end 
     
     % Fig. 15 
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      f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','NIMFSS 
(Au(10nm)SiO2(10nm)Au(100nm))','Laser Wave=633nm',s{4}},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     for j=16:20 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',2); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        legend('Exposure time=1s','Exposure time=3s','Exposure 
time=5s','Exposure time=7s','Exposure 
time=10s','fontweight','bold','fontsize',10); 
       
     end 
     
      
% Fig.16 
      f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','NIMFSS 
(Au(10nm)SiO2(10nm)Au(100nm))','Laser Wave=633nm','Exposure 
Time=5s'},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     
        plot(Data04(:,5), Data04(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data04(:,15), Data04(:,16),'linewidth',2); 
         
         
        plot(Data04(:,25), Data04(:,26),'linewidth',2); 
         
        plot(Data04(:,35), Data04(:,36),'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(ss{1},ss{2},ss{3},ss{4},'fontweight','bold','fontsize',10); 
         
 %   annotation(f,'textbox',... 
 %   [0.853571428571428 0.491857144063428 0.0598214273207954 
0.0642857130794299],... 
 %   'String',{'/2'},... 
 %   'LineStyle','none',... 
 %   'FontWeight','bold');   
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sss{1} ='Au(5nm) Anneal 600C 30min;P=0.17mW'; 
sss{2} ='Au(10nm) Anneal 600C 30min; P=0.17mW'; 
sss{3} ='NIMFSS:Au(10nm)SiO2(10nm)Au(100nm);P=8.5e-3mW'; 
sss{4} ='NIMFSS:Au(10nm)SiO2(10nm)Au(100nm);P=0.17mW'; 
% Fig.17 
 f=figure; 
    annotation(f,'textbox',... 
    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Laser Wave=633nm','Exposure Time=5s'},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
     
        plot(Data01(:,5), Data01(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data02(:,5), Data02(:,6),'linewidth',2); 
         
         
        plot(Data04(:,5), Data04(:,6)/3,'linewidth',2); 
         
        plot(Data04(:,35), Data04(:,36)/40,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(sss{1},sss{2},sss{3},sss{4},'fontweight','bold','fontsize',10
); 
         
    annotation(f,'textbox',... 
    [0.853571428571428 0.491857144063428 0.0598214273207954 
0.0642857130794299],... 
    'String',{'/40'},... 
    'LineStyle','none',... 
    'FontWeight','bold');   
  
annotation(f,'textbox',... 
    [0.838578924823302 0.393625316951443 0.0598214273207954 
0.0642857130794292],... 
    'String','/3',... 
    'LineStyle','none',... 
    'FontWeight','bold',... 
    'FitBoxToText','off'); 
    
  
  
ssx{1} ='Au(5nm) Anneal 600C 30min;P=1.7mW'; 
ssx{2} ='Au(10nm) Anneal 600C 30min; P=1.7mW'; 
ssx{3} ='NIMFSS:Au(10nm)SiO2(10nm)Au(100nm);P=8.5e-3mW'; 
ssx{4} ='NIMFSS:Au(10nm)SiO2(10nm)Au(100nm);P=0.17mW'; 
  
% Fig. 18 
 f=figure; 
    annotation(f,'textbox',... 
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    [0.370242800677584 0.749064353976625 0.291831348744149 
0.150579146666877],... 
    'String',{'R6G=1e-6M','Laser Wave=633nm','Exposure Time=5s'},... 
    'LineWidth',2,... 
    'LineStyle','none',... 
    'FontWeight','bold');  
  
  
        plot(Data01(:,25), Data01(:,26),'linewidth',2); 
        hold on; 
         
        plot(Data02(:,25), Data02(:,26),'linewidth',2); 
         
         
        plot(Data04(:,5), Data04(:,6),'linewidth',2); 
         
        plot(Data04(:,35), Data04(:,36)/10,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(ssx{1},ssx{2},ssx{3},ssx{4},'fontweight','bold','fontsize',10
); 
         
    annotation(f,'textbox',... 
    [0.853571428571428 0.491857144063428 0.0598214273207954 
0.0642857130794299],... 
    'String',{'/10'},... 
    'LineStyle','none',... 
    'FontWeight','bold');   
    
  
 % Fig. 19 
 figure 
 subplot(2,2,1) 
 plot(Data01(:,5), Data01(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data01(:,15), Data01(:,16),'linewidth',2); 
         
         
        plot(Data01(:,25), Data01(:,26),'linewidth',2); 
         
        plot(Data01(:,35), Data01(:,36)/3,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(s{1},s{2},s{3},s{4},'fontweight','bold','fontsize',10); 
         
 subplot(2,2,2) 
   plot(Data02(:,5), Data02(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data02(:,15), Data02(:,16),'linewidth',2); 
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        plot(Data02(:,25), Data02(:,26),'linewidth',2); 
         
        plot(Data02(:,35), Data02(:,36)/3,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(s{1},s{2},s{3},s{4},'fontweight','bold','fontsize',10); 
         
 subplot(2,2,3) 
 plot(Data04(:,5), Data04(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data04(:,15), Data04(:,16),'linewidth',2); 
         
         
        plot(Data04(:,25), Data04(:,26),'linewidth',2); 
         
        plot(Data04(:,35), Data04(:,36),'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(s{1},s{2},s{3},s{4},'fontweight','bold','fontsize',10); 
    
 subplot(2,2,4) 
  
    plot(Data01(:,5), Data01(:,6),'linewidth',2); 
        hold on; 
         
        plot(Data02(:,5), Data02(:,6),'linewidth',2); 
         
         
        plot(Data04(:,5), Data04(:,6)/3,'linewidth',2); 
         
        plot(Data04(:,35), Data04(:,36)/40,'linewidth',2); 
        set(gca,'fontweight','bold','linewidth',2); 
        xlabel('Wavenumber 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend(ss{1},ss{2},ss{3},ss{4},'fontweight','bold','fontsize',10); 
         
         
  % Fig. 20 
  figure 
  subplot(2,2,1) 
   for j=1:5 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',1); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',1); 
        xlabel('Raman 
Shift(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
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legend('T=1s','T=3s','T=5s','T=7s','T=10s','fontweight','bold','font
size',10); 
        xlim([500 2000]) 
   end 
     
   subplot(2,2,2) 
    for j=6:10 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',1); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',1); 
        xlabel('Raman 
Shift(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend('T=1s','T=3s','T=5s','T=7s','T=10s','fontweight','bold','font
size',10); 
       xlim([500 2000]) 
    end 
     
    subplot(2,2,3) 
     for j=11:15 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',1); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',1); 
        xlabel('Raman Shift 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend('T=1s','T=3s','T=5s','T=7s','T=10s','fontweight','bold','font
size',10); 
       
     end 
      
     subplot(2,2,4) 
     for j=16:20 
        plot(Data04(:,2*j-1), Data04(:,2*j),'linewidth',1); 
        hold on; 
        set(gca,'fontweight','bold','linewidth',1); 
        xlabel('Raman Shift 
(1/cm)','fontweight','bold','fontsize',12); 
        ylabel('Raman Counts','fontweight','bold','fontsize',12); 
        
legend('T=1s','T=3s','T=5s','T=7s','T=10s','fontweight','bold','font
size',10); 
       
     end 
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